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Seagrasses occur in shallow coastal waters, ranging from the lower intertidal zone down 
to depths of around 40 m and are distributed world-wide (den Hartog 1970, Hemminga & 
Duarte 2000). These marine angiosperms consist of 12 genera, 5 that are more or less confined 
to temperate latitudes and 7 that are characteristic for tropical regions (den Hartog & Kuo 
2006). The Indo-West Pacific area contains all 7 tropical genera and by that has the highest sea-
grass diversity in the world. Indonesian seagrasses either form monospecific meadows or mixed 
stands of up to eight species with variable canopy densities (Nienhuis et al. 1989, Kuriandewa 
et al. 2003).
Seagrass meadows have important ecological functions in the shallow coastal area. Sea-
grasses form the main structural component in the meadows and are even considered ecologi-
cal engineers ( Jones et al. 1994, Bouma et al. 2005). They provide structure and shelter on soft 
bottom substrates, enhancing ecosystem productivity, biodiversity and fauna densities (Bell & 
Pollard 1989, Duffy 2006). Seagrasses form the main substrate for epiphytic organisms and 
the meadows are often characterized by a high primary production (Duarte & Cebrián 1996, 
Wear et al. 1999). This fuels a complex food web of herbivores, detrivores and higher level con-
sumers (Kitting et al. 1984, Moncreiff & Sullivan 2001). They act as nursery areas for different 
species (Nagelkerken et al. 2000, Heck et al. 2003, Dorenbosch et al. 2004) and a number of 
commercially important fish and invertebrate species spend (part of ) their life cycle in seagrass 
meadows (Bell & Pollard 1989, Gillanders 2006). The extended seagrass root and rhizome 
structure enhances coastal stability by stabilizing sandy sediments (Fonseca 1989, Terrados & 
Duarte 2000). The seagrass canopy enhance deposition of particles and nutrients (Gacia et al. 
2002, Gacia et al. 2003) and may reduce siltation of adjacent coral reefs (Koch et al. 2006). 
Unsustainable use of marine and estuarine resources has put coastal areas world-wide 
under substantial pressure, which has resulted in an ongoing decline of seagrasses (Thayer et 
al. 1975, Cambridge & McComb 1984, Duarte 2002, Orth et al. 2006). One of the main 
threats to seagrasses is eutrophication of the coastal zone (Short & WyllieEcheverria 1996, 
Orth et al. 2006) through nutrient input, mainly nitrogen (N), by industrial, agricultural and 
domestic sources (Glibert et al. 2005, Ralph et al. 2006). This enhances ephemeral macroalgae, 
pelagic microalgae and epiphyte cover of the meadows and decreases light availability for the 
benthic community (Walker et al. 2006). Without sufficient light, seagrasses are unable to 
grow and produce oxygen for their underground survival (Hemminga 1998, Terrados et al. 
1999). Eventually whole meadows will disappear. Although these effects of eutrophication 
on seagrasses are known and the N dynamics of seagrasses is studied intensely (Romero et al. 
2006), the ecology and N cycling of seagrasses in tropical Indo-Pacific meadows is still largely 
unknown. 
The key to understanding the functioning of Indo-Pacific seagrass meadows may be 
found in factors controlling its ecological fundament. One of these factors is the availability of 
N, which is one of the major nutrients for all living organisms. To functionally adapt to their 
environment, seagrasses, as all other plants, tune N expenditure to N availability (Hemminga 
et al. 1991). Offshore Indo-Pacific seagrasses often occur in oligotrophic areas where exter-
nal N input is not always self-evident, whereas the hydrodynamic condition of their habitat 
may easily lead to the loss of dissolved and particulate N associated with detached leaves and 
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leaf fragments (Stapel et al. 2001). Leaf production accounts for the main N demand in sea-
grasses (Hemminga et al. 1991, Erftemeijer et al. 1993b). Yet, in contrast to what may be expec-
ted, internal N-conservation strategies like extended leaf life span and internal N resorption 
from senescent leaves are not strongly developed in seagrasses (Stapel & Hemminga 1997, 
Hemminga et al. 1999). Considerable amounts of N are thus lost from the living plants by 
detachment of leaf material. However, export of seagrass litter beyond the ecosystem’s bound-
aries by currents and waves corresponded to only 10% of the leaf production (Greenway 1976, 
Stapel et al. 1996b). Also no significant accumulation of litter in the seagrass bed and on the 
shores was found, and production and decomposition processed in the meadow seemed to 
be in balance (Lindeboom & Sandee 1989, Nienhuis et al. 1989, Erftemeijer & Middelburg 
1993, Stapel et al. 1996b). It is therefore concluded that these meadows are to a large extent 
self-sustaining and that N is efficiently recycled within the meadow (Nienhuis et al. 1989). In 
the absence of evident N sources and internal conservation mechanisms, the ability of seagrass 
meadows to flourish in oligotrophic areas logically point to other mechanisms conserving N in 
the meadow. Despite the openness of the system it is hypothesised that in oligotrophic tropical 
seagrass meadows these mechanisms have developed external to the living seagrass shoots via 
the detrital pathway (Stapel et al. 2001).
Fauna species are attracted to seagrass meadows, which provide food, shelter and 
substrate and in return they will influence seagrasses. Two main processes to consider are direct 
grazing and collection of seagrass leaves by fauna species (Valentine & Heck 1991, Stapel & 
Erftemeijer 2000). Historically turtles and dugongs have been identified as the main seagrass 
grazers (Lanyon et al. 1989, Valentine & Duffy 2006), but their number are decimated by 
human activities ( Jackson et al. 2001). In a review, McRoy & Helfferich (1980) identified 
150 fauna species to take in seagrass material. The most important seagrass grazers present in 
meadows nowadays include fishes (Ogden 1980, Goecker et al. 2005), sea urchins (Valentine 
& Heck 1991, Alcoverro & Mariani 2002) and crustaceans, including small amphipods and 
isopods (Valentine & Heck 1999, Stapel & Erftemeijer 2000). Grazers remove leaf material 
from the plant, which results in a loss of N from the seagrasses. Since most fish and inverte-
brate grazers can not completely digest seagrass leaves, only a part of the N is incorporated 
in grazer biomass, while the remaining material is excreted as dissolved nutrients and small 
fragments (Dy & Yap 2000, Lawrence & Klinger 2001). Excretion from slow moving and 
permanent resident grazers is released within the seagrass meadow. The dissolved nutrients are 
direct available for (re)uptake by seagrasses, through both leaves and roots (Stapel et al. 1996a, 
Lee & Dunton 1999). Fragmentation by fauna species of the consumed leaves will accelerate 
the decomposition process once excreted (Harrison 1989), reducing the export probability 
of seagrass leaf material (Romero et al. 2006). Burrowing crustaceans have been identified as 
collectors of seagrass leaf material (Stapel & Erftemeijer 2000, Abed-Navandi & Dworschak 
2005). These species gather seagrass leaf material in their burrows, which potentially reduces 
again the export of seagrass material. The leaf material forms a food source, as identified by 
stable isotope analysis (Palomar et al. 2004, Abed-Navandi & Dworschak 2005) and burrow 
building material (Farrow 1971) and will largely decompose inside the burrow. The crusta-
ceans need irrigation of their burrow to maintain oxygen concentration at levels suitable for 
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respiration and to keep dissolved nutrients originating from the decomposing litter below 
toxic levels (Stanzel & Finelli 2004, Meysman et al. 2006). This creates an exchange of solutes 
and particles from the burrow to the surrounding environment (Atkinson & Taylor 2005) and 
the nutrients regenerated from the seagrass material may become available again for seagrasses. 
Combining the effects of leaf grazing and collection indicates that fauna species may play a 
significant role in the N cycle of seagrass material in tropical meadows. 
Tropical Indo-Pacific seagrass meadows are characterized by mixed-species seagrass vege-
tation (Nienhuis et al. 1989, Vermaat et al. 1995, van Tussenbroek et al. 2006) with competitive 
interactions among species (Duarte et al. 2000). The co-existence and competition between 
these tropical species are determined by species characteristics and environmental conditions. 
Tropical seagrasses have contrasting size and growth strategy, e.g. differences in photosynthetic 
performance (Zimmerman 2006), inorganic N uptake kinetics (Romero et al. 2006), coloni-
zation rates (Rollon et al. 1998) and relative investment in above versus belowground biomass 
(Vermaat et al. 1995). Tropical seagrass species are also characterized by different tolerance 
limits to environmental conditions (Agawin et al. 2001), e.g. desiccation (Stapel et al. 1997), 
light limitation (Duarte 1991), nutrient limitation (Agawin et al. 1996) and sedimentation 
and burial (Vermaat et al. 1997). Besides these factors, the overall (3-D) seagrass canopy struc-
ture also affects the functioning of the meadows and may have a substantial influence on the N 
dynamics and competitive ability of the plants. Increase in seagrass canopy density may result 
This work is part of the scientific co-operation with the Hassanudin University 
(UNHAS) Makassar, started in 1980 as the Buginesia programme and is supported by 
the Netherlands Foundation for the Advancement of Tropical Research (WOTRO). 
The co-operation involves different Dutch universities and research institutes, and 
several scientific disciplines. Previous research was done on the geology and morpho-
genesis of the Spermonde Archipelago (de Klerk 1982), followed by the zonation and 
diversity of scleratinia (mushroom corals; Moll 1984), on the systematic and ecology 
of these mushroom corals (Hoeksema 1990). Around the 1990s the study of marine 
macrophytes became important. The aspects of taxonomy, floristic and ecology of ma-
rine macrophytes (Verheij 1993), the factors limiting growth and production of tropi-
cal seagrasses (Erftemeijer 1993), and the nutrient dynamics of these tropical seagrasses 
(Stapel 1997) were studied. This was followed by studies on management and fisheries 
(Pet-Soede 2000) and an integrated assessment study incorporating social science (de 
Kok et al. 2000). The latest project concerned the biodiversity and mariculture poten-
tial of sponges (de Voogd 2005). Indonesian and Dutch graduate students and other 
participants also joined in these projects.
Box 1-1: Overview scientific programme Buginesia (1980-2007)
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in a decrease of hydrodynamic stress for the shoots (Koch et al. 2006), an increased nutrient 
uptake capacity (Thomas et al. 2000) and an enhanced habitat complexity and fauna density 
(Howard et al. 1989).
The study of nutrient dynamics in tropical Indo-Pacific meadows started at the end of 
the 1980s. First Nienhuis et al. (1989) defined the self-sustaining hypothesis of tropical mead-
ows. Then Erftemeijer (1993) showed that leaf production accounts for the main nutrient de-
mand, that nutrient (N and P) limitation did not occur, and that the largest nutrient pool is 
present in the sediment. This was followed by Stapel (1997) showing that nutrient resorption 
from leaves (internal nutrient re-use) is low, export of leaf material by currents is small, and 
that nutrients are probably efficient recycled within the meadow but outside the living plant. 
However, the (ecological) mechanisms by which these nutrients are recycled remained largely 
concealed. The observation of large numbers of fauna species reworking seagrass litter in Indo-
Figure 1-1. Study area, showing the location and the islands of the Spermonde Archipelago along the 
west coast of South Sulawesi (dotted line: shelf edge 200m), overview of the Bone Batang (5°01’00” S; 
119°19’30” E) with the studied seagrass meadows on the southeast side of the island.
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Pacific seagrass beds suspects an important role of fauna in the ecological functioning of these 
meadows. Fauna may to a large extent prevent the export of leaf litter from the meadow, which 
may otherwise be carried away in the water column by currents and tides, and their reworking 
of organic matter may play an important role in the N regeneration process. 
It is hypothesised for this study that fauna species may form an important link in the nitrogen 
cycle of tropical seagrass ecosystems, which makes it possible that substantial amounts of seagrass 
leaf associated N is recycled inside the meadow, but outside the living plants via tight coupling of 
litter decomposition and uptake of regenerated N by seagrass leaves and roots (the ‘detrital path-
way’). This in spite of the highly hydrodynamic environments in which many offshore seagrass 
meadows occur, which is expected to result in a large loss of detached seagrass material. 
To test the hypothesis, I performed fieldwork with permission from the Indonesian Insti-
tute of Science (LIPI) in the Spermonde Archipelago, off the west coast of South Sulawesi, 
Indonesia, from September 2003 till November 2005. I collected data with regard to plant 
physiological processes like production, resorption, nitrogen uptake (chapters 2 and 7), with 
regard to decomposition of seagrass litter (chapter 8) and fauna densities (chapter 3), and with 
regard to plant-animal interactions like sea urchin herbivory, leaf collection by shrimps and 
seagrass assimilation by fauna species (chapters 4, 5 and 6). All studies were executed on an 
uninhabited island (Bone Batang; Fig. 1-1), located 15 km offshore, in two subtidal seagrass 
meadows (0.2 to 0.5 m below extreme low water level) consisting of the co-occurring spe-
cies Thalassia hemprichii, Halodule uninervis and Cymodocea rotundata. The seagrass meadows 
were characterized by a dense canopy and a sparse canopy. The low silt/clay content of the 
sediment (<10% sediment particles <125 μm) indicates that meadows were highly exposed to 
hydrodynamic stress (see Fonseca & Bell 1998).
The hypothesis is elaborated into seven research questions which are described in the 
chapters 2 till 8 and are listed below. In the last chapter I aim to answer the main hypothesis 
whether the N cycling of seagrass material in tropical beds is within the meadows but outside 
the living plant, via the detrital pathway and mediated by fauna species. I discuss the important 
processes determining N conservation and quantify N cycling of seagrass material in tropical 
meadows, considering both plant physiological processes and plant-animal interactions. 
1. The growth strategy of seagrasses growing in meadows with different canopy densities 
may influence their N dynamics. Chapter 2 describes N demand for production and N resorp-
tion from leaves of T. hemprichii occurring in two meadows with different canopy densities. 
Thalassia hemprichii densities were comparable between the meadows, but the shoot densities 
of the co-occurring species H. uninervis and C. rotundata were higher in the dense canopy 
meadow. The N dynamics of seagrass leaf material in these two meadows are also compared. 
2. Seagrass meadows attract fauna species and generally have higher fauna densities com-
pared to surrounding bare-sand ecosystems. In chapter 3 the fauna densities in a dense and 
sparse canopy meadow are determined for macrobenthic invertebrates and fish species to iden-
tify the fauna community and composition in these seagrass beds.
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3. Seagrass herbivory by sea urchins is influencing seagrass biomass, production and di-
versity in meadows. In chapter 4 I describe the results of an enclosure experiment to determine 
the effects of Tripneustes gratilla grazing on seagrass biomass, density and species composition 
in a meadow consisting of three co-occurring seagrass species. I quantify the herbivory rate of 
this sea urchin and discus their role in the N dynamics of tropical meadows. 
4. Burrowing crustaceans form a sink for leaf litter in mangrove forests and may provide 
the same function in tropical seagrass meadows. In chapter 5 the abundance, burrow charac-
teristics and behaviour of two burrowing shrimps, Neaxius acanthus and Alpheus macellarius 
are described to quantify the leaf material collection by the shrimps and to identify the role of 
the shrimps.
5. Seagrass herbivores are commonly found in meadows, but food web studies using sta-
ble isotopes identified marginally incorporation of seagrass material into higher trophic levels 
in temperate meadows. This may be different in tropical areas, because fast growing tropical 
seagrasses are characterized by a relative high palatability compared to temperate seagrasses. 
In chapter 6 I present stable isotope signatures of most fauna groups and abundant species to 
construct a food web and to determine the importance of seagrass material for higher trophic 
levels in tropical meadows.
6. For many terrestrial plants, and aquatic macro- and microalgae it is shown that they 
can take up small dissolved organic N sources. In chapter 7 I demonstrate the ability of sea-
grasses to take up amino acids and urea, besides ammonium and nitrate, with both leaves and 
roots. The ability to use dissolved organic N would be highly advantageous because this both 
short-cuts the N cycling and gives seagrasses access to additional N sources. 
7. Processes influencing N cycling external to the living seagrass plant are the seagrass leaf 
decomposition rate and the uptake capacity of seagrasses for N released from decomposing leaf 
litter. In chapter 8 I describe the results of a litterbag experiment using 15N-enriched seagrass 
leaves to calculate the decomposition rate of leaf material and to determine the importance 
of microbial colonization of litter material during decomposition. The capacity (efficiency) 
of seagrass to take up the released N is modelled for the seagrass community surrounding the 
litterbags. 
14
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Abstract
Tropical offshore seagrasses maintain a high year-round leaf production which forms the main 
nitrogen (N) sink for the plants. To identify whether a relation exists between growth strategy 
and N dynamics of seagrasses, we quantified the relative importance of leaf N demand and N loss 
associated with leaf detachment for Thalassia hemprichii, Halodule uninervis, and Cymodocea 
rotundata in two mixed-species meadows with different canopy densities. The seagrass species were 
compared within the meadows, while T. hemprichii was also compared between the meadows. The 
leaf N demand relative to total N demand was higher for the colonizing species H. uninervis (66 
to 84% of total plant N demand) and C. rotundata (74 to 82%) compared to the climax species 
T. hemprichii (49 to 58%), indicating that the latter species invested relatively more in below-
ground parts. In the dense canopy meadow T. hemprichii leaf biomass and production per shoot 
was higher, both absolute and relative to total biomass and production, resulting in an increased N 
demand for leaf production compared to the sparse meadow. Total N demand for seagrass produc-
tion was 44 g N m-2 yr-1 in the dense and 27 g N m-2 yr-1 in the sparse canopy meadow, with leaf 
production accounting for 71 and 54% of the total N demand respectively. The higher total leaf N 
demand in the dense meadow is caused by the higher leaf N demand of T. hemprichii and higher 
shoot densities of C. rotundata and H. uninervis. The fate of N incorporated into leaf material 
was divided into three processes, internal N conservation through resorption from senescing leaves 
(17 to 20% of leaf N demand), loss of N through premature loss of leaf fragments (25 to 35%), 
and detachment of the oldest leaves (48 to 57%), which were comparable for all species in both 
meadows. We conclude that N loss through detachment of leaf material relative to total plant N 
demand is higher for H. uninervis and C. rotundata compared to T. hemprichii, which invest 
more N in belowground tissue. This study showed that the growth strategy of seagrasses is related 
to meadow canopy density, resulting in higher absolute and relative N demand for leaf production 
and higher loss of N through leaf detachment relative to total plant N demand in dense meadows. 
However, canopy density shows no relation with the fate (internal resorption or detachment) of N 
incorporated in leaves.
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Introduction
Tropical seagrass meadows maintain a high production year-round (Brouns 1987, 
Erftemeijer et al. 1993b, Duarte & Chiscano 1999). In the Indo-Pacific, tropical offshore sea-
grass meadows often flourish in nutrient-poor environments (Agawin et al. 1996) and consist 
of co-occurring species, both climax and pioneer species (Brouns 1987, Nienhuis et al. 1989). 
The species growing within one meadow may have large differences in growth strategies, caused 
by species characteristics as shoot size and production (Vermaat et al. 1995). Leaf production is 
the main nitrogen (N) sink for seagrasses (Hemminga et al. 1991, Vermaat et al. 1995, Romero 
et al. 2006). Leaf life-span and internal N resorption from leaves is low for most tropical sea-
grasses (Stapel & Hemminga 1997), resulting in large losses of N from the plant associated 
with leaf detachment. Differences in N demand and loss rate between species may even de-
termine their relative competitiveness in nutrient-poor environments and may control species 
composition and co-existence (Fourqurean et al. 1995). 
The influence of abiotic environmental factors on the growth strategy of seagrass species 
is intensely studied for nutrient availability, sediment characteristics, water turbidity and 
hydrodynamics in meadows (Lee & Dunton 2000, Hackney & Durako 2004, Koch et al. 
2006, Romero et al. 2006). However, biotic factors as the canopy density of the meadow may 
also influence the growth strategy of seagrasses, as shown for Thalassia testudinum (Rose & 
Dawes 1999). Meadow canopy characteristics may even influence processes concerning the 
N dynamics in meadows, since increasing density enhances competition for resources as light 
and N (Coffaro & Bocci 1997, Enríquez & Pantoja-Reyes 2005). Seagrasses growing in dense 
canopy meadows experience increased competition and may change their growth strategy 
compared to seagrasses growing in sparse canopy meadows.
In South Sulawesi, Indonesia, meadows characterized by different canopy densities 
and co-occurring seagrass species flourish in nutrient-poor environments. We hypothesize 
that the growth strategies of seagrasses has effect on the nitrogen dynamics of species. This 
was investigated by comparing seagrasses with different growth strategies (colonising spe-
cies Halodule uninervis and Cymodocea rotundata and the climax stadium species Thalassia 
hemprichii). In addition the relation between meadow canopy density and growth strategy 
and N dynamics was tested for T. hemprichii. For this study we selected two meadows with 
comparable T. hemprichii shoot density and different shoot densities of the co-occurring 
species H. uninervis and C. rotundata. The meadows were qualified as dense and sparse canopy 
meadows. For all three seagrass species we quantified above and belowground biomass, shoot 
density, leaf and rhizome production, leaf biomass development, leaf N resorption, and N loss 
through (premature) detachment of leaves and leaf fragments. Differences in growth strategies 
between the three seagrass species within the meadows were also investigated. 
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Materials and methods
Site description
The Spermonde Archipelago (200 km long, 40 km wide) consists of a large group of 
coral islands and submerged reefs on the continental shelf along the west coast of South 
Sulawesi, Indonesia (Fig. 1-1). This area is characterized by rather constant seagrass growth 
over the year (see Stapel et al. 2001 for area description). The experiments were executed at 
Bone Batang (5°01’00” S, 119°19’30” E). This uninhabited and unvegetated island was lo-
cated ~15 km off the coast and 30 km from the shelf edge, indicating a low influence of river 
discharge and run-off from the main land or upwelling from the deep Makassar Strait, and of 
direct anthropogenic sources (Verheij 1993). The island consisted of an inter-tidal sandbank 
surrounded by a reef flat and barrier reef. The reef flat consisted of coarse carbonate sand and 
coral rubble, comparable to the nearby island Barang Lompo (93-100% CaCO3; Erftemeijer 
& Middelburg 1993), and was mainly covered by macrophyte vegetation (cover density 0 to 
80%). The main seagrass species were Thalassia hemprichii, Halodule uninervis, and Cymodocea 
rotundata, while Halophila ovalis occurred in low densities and patches of Enhalus acoroides 
were found. The low silt/clay content of the sediment (<10% sediment particles <125 μm) 
indicates that meadows were highly exposed to hydrodynamic stress (relative wave exposure 
index REI ~4.5 106; Fonseca & Bell 1998). For the research locations we selected two adja-
cent seagrass meadows with comparable T. hemprichii biomass and shoot density and different 
densities and biomass of H. uninervis and C. rotundata. The meadows were qualified as dense 
and sparse canopy meadows. Both meadows were sub-tidal, 20 cm below extreme low water 
(ELW), to exclude the (seasonal) influence of day-time dry fall and subsequent desiccation 
and loss of the aboveground biomass (Erftemeijer & Herman 1994). 
Water nutrients
Pore-water samplers (Rhizon 10 cm soil moisture sampler, Eijkelkamp Agrisearch 
Equipment) were placed in a two sided frame at 3 cm depth intervals to collect pore-water 
for nutrient analysis. Tubing was added to be able to extract pore-water from the samplers, 
without disturbing the sediment. The two sided frame was inserted in the seagrass meadow 
with the depths of pore-water samplers at 1.5, 7.5, and 13.5 cm at one side and 4.5 and 10.5 cm 
at the other side, respectively. A hard PVC tube (5 cm length) was placed over the closed sam-
pling tubes to prevent damage and growth of algae. Three frames were placed in both meadows 
in May 2004 and sampling occurred 5 times between June 2004 and November 2005. Pore-
water was sampled by adjusting a syringe in which a vacuum was applied to the sampling tube. 
After discarding the first 5 mL we collected 40 mL sample from each depth. The water column 
was sampled at each pore-water location by deploying rhizon pore-water samplers at 10 cm 
above the sediment. The collected water samples were transported on ice to the laboratory. On 
the same day, dissolved ammonium (NH4
+) and reactive phosphate (PO4
3-) concentrations 
were determined colorimetrically according to Murphy & Riley (1962) and Solorzano (1969) 
respectively, using a Nanocolor 100 D-MN filter photometer. 
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Leaf biomass development
For the estimation of leaves biomass development, leaf fragment loss, and leaf N and C 
resorption we collected 9 random shoot samples per species in both meadows. The samples 
consisted of 10 shoots for T. hemprichii, 20 for H. uninervis, and 15 for C. rotundata. The epi-
phytes were gently removed using scraper blades. Leaves per shoot were counted and divided 
into intact and damaged leaves for each age category (from 1 for youngest to j for oldest leaf ). 
Leaf material was oven dried (70°C, 48 h) for dry weight (DW) measurement. After DW 
analysis of the intact and the damaged leaves the samples of the same leaf age category were 
pooled for carbon (C) and N analysis using a Carlo Erba NA 1500 elemental analyzer.
The biomass development of the undamaged leaves was modelled using nonlinear least 
square regression (Stapel & Hemminga 1997):
       (2-1)
in which i is the leaf category, Bi the biomass (mg DW) of the ith leaf, Bj,Undam the biomass (mg 
DW) of the oldest undamaged leaf, and a the rate constant of biomass development. 
Loss of leaf fragments was calculated from the modelled (intact) and measured average 
leaf biomass of the oldest leaf: 
       (2-2)
in which Bj,Actual is the actual measured biomass (mg DW) of the average oldest leaf (natural 
mixture of damaged and undamaged leaves) and Bj,Model the modelled biomass (mg DW) of the 
intact oldest leaf. 
C and N resorption from leaves
The leaf nutrient contents of a given leaf age category were calculated from the %C or 
%N of the ith leaf and the corresponding modelled biomass. During its life cycle, the total 
nutrient content of a leaf first increases due to growth and later declines due to resorption. 
The proportion of nutrient resorption (resorption efficiency; Shaver and Melillo 1984) was 
calculated by:
       (2-3)
in which %R is the percentage of the maximum leaf nutrient content that is resorbed (re-
sorption efficiency), Kmax the maximum total nutrient content (mg C or N) that a leaf reaches 
during its life cycle and Kj the nutrient content (mg C or N) of the oldest leaf. We assume 
that the decline in the absolute nutrient content of ageing leaves reflects nutrient resorption. 
Leaching of nutrients from the leaves was considered negligible (Romero et al. 2006). The 
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remaining nutrients in the oldest leaf are assumed to be lost from the plant associated with the 
complete detachment of the oldest leaf.
This resorption efficiency (%R) reflects the maximum physiological nutrient resorption, 
occurring only when there is no premature detachment of leaf fragments. We calculated the 
effect of premature detachment on the resorption efficiency, assuming that 50% of the maxi-
mum calculated physiological resorption had occurred from the biomass fraction that was pre-
maturely lost according to Stapel & Hemminga (1997):
       (2-4)
in which %R’ is the actual resorption efficiency taking premature loss of leaves and leaf frag-
ments into account, R the maximum physiological resorption (Kmax – Kj in mg C or N), and 
the other parameters as explained before. 
Belowground material
The detritus pool in the sediment was obtained from 21 sediment cores (diameter 6 cm, 
depth 15 cm) collected in both meadows. Living belowground seagrass material was removed 
and organic material was washed out over consecutive 1 and 0.15 mm screens using a gentle 
water flow (elutriation), comparable to Stapel et al. (2001). The material on both screens was 
collected and belowground seagrass material was divided by species, oven dried and analysed 
for N content. Seagrass rhizome and root biomass per shoot were estimated from 10 cores 
(diameter 16 cm, depth 20 cm) in both dense and sparse meadows. The cores were washed out 
over a 1 mm screen, sorted by species, and divided into rhizome and root material. The number 
of shoots per species was counted. The material was briefly rinsed with demineralised water 
and treated like detritus for DW and N content analysis.
Leaf and rhizome production
A leaf marking method was applied according to Short & Duarte (2001) to measure 
leaf production. At 11 occasions between November 2004 and October 2005 we marked leaf 
meristems of T. hemprichii, H. uninervis, and C. rotundata in both meadows. About 20 days 
later we harvested the shoots, counted the number of newly produced leaves from 10 shoots, 
and collected the newly produced leaf material. Horizontal rhizome production was measured 
once using the rhizome marking technique according to Dennison (1990). In both meadows 
horizontal rhizome meristems were carefully uncovered, marked with cable ties, and covered 
again with sediment. After 4 weeks 40 to 50 rhizomes per species were recovered and the 
length, number of new nodes and shoots were measured. The material of 10 meristems (shoot 
or rhizome) was randomly pooled together and dried (70°C, 48 h). Production (g DW) per 
meristem (shoot and rhizome) and plastochrone (the time interval between the onset of two 
consecutive plant parts) of leaf (PL in days), shoot (PS) and horizontal rhizome (PHR) were cal-
culated (Short & Duarte 2001). 
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Seagrass meadows
In each meadow seagrass densities were measured in three permanent transects. The 
transects were perpendicular to the edge of the meadow, 15 m long and 1 m wide, and started 
2 m inside the edge of the meadow. In each of the 15 quadrats of 1 m2 per transect the number 
of seagrass shoots was counted in a random 10 x 10 cm plot at 5 occasions from October 2004 
till November 2005. Horizontal rhizome meristem densities were counted in both meadows 
from 15 cores (diameter 16 cm, depth 20 cm) collected alongside the transects. 
N dynamics in meadows
Shoot densities (# m-2) were multiplied with specific mean leaf, rhizome, and root bio-
mass (g DW shoot-1), and leaf production (g DW d-1 shoot-1) to calculate areal seagrass biomass 
(g DW m-2) and leaf production (g DW m-2 d-1) per species in the meadows. Areal horizontal 
rhizome production (g DW m-2 d-1) was calculated from the rhizome meristem production 
and meristem density. For leaf-replacing plants vertical rhizome production (g DW m-2 d-1) 
may be estimated from the shoot density multiplied by the biomass per vertical node measured 
from 200 vertical rhizomes (1.25 mg node-1 for T. hemprichii, 0.50 mg node-1 for H. uninervis, 
and 0.58 mg node-1 for C. rotundata) divided by PL (Short & Duarte 2001). Root production 
(g DW m-2 d-1) was calculated as the areal root biomass (g DW m-2) times the root turnover 
rates (T. hemprichii 8.4 yr-1, H. uninervis 2.2 yr-1, and C. rotundata 4.2 yr-1) obtained from 
Duarte et al. (1998), measured in productive, low nutrient meadows growing offshore in The 
Philippines. 
Leaf production N demand (g N m-2 d-1) was calculated from the leaf with the highest N 
content (g N) divided by the PL (d) times the shoot density (m
-2). The N demand for rhizomes 
and roots was calculated as the production (g DW m-2 d-1) times the average N concentration 
(% of DW) of these fractions. The fate of N incorporated in leaf material, expressed as % of 
leaf N demand, is divided into three main processes: (1) the leaf N resorption or internal N 
recycling, calculated as the actual resorption (R’N), (2) the leaf N loss due to premature loss of 
leaf fragments, determined as the percentage N loss of premature leaf fragments from which 
50% R’N had occurred, and (3) the leaf N loss due to detachment of the (remaining part of the) 
oldest leaf, calculated as oldest leaf detachment times the N concentration of this leaf age-class. 
Leaching is generally small (Romero et al. 2006) and was considered negligible in this study.
Statistics
Data was tested for equality of variances using Levene’s test and was transformed when 
necessary. Percentages were arcsin square root transformed and densities square root (Sokal 
& Rohlf 1995). Data per experiment was analysed using MANOVA with species and mead-
ows as fixed factors. Significant effects for any of the parameters were further analysed using 
ANOVA followed by post-hoc Tukey’s-b test comparison. Data analysed using this procedure 
were leaf development (leaf biomass per shoot, number of leaves per shoot, %N, %RN, %R’N 
and % premature leaf fragmentation), belowground biomass per shoot (rhizome, root), leaf 
production per shoot (absolute, relative and PL), and rhizome production per meristem (PS, 
22
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PL, production). N resorption efficiency (RN) was tested by comparing maximum N content 
in leaves with the oldest leaf using paired t-tests. Meadow characteristics per species and total 
seagrass were analysed for shoots density, areal biomass of leaf, root and rhizome, and leaf 
production using MANOVA with meadow as fixed factor. Significant effects for any of the 
parameters were further analysed using independent t-tests. 
Results
Water nutrients
Measurements of pore-water and water column nutrients (NH4
+ and PO4
3-) did not re-
veal a trend over time. We decided to pool the measured nutrient concentrations from the five 
sampling dates. Average NH4
+ and PO4
3- concentrations in the water column were comparable 
between the dense and sparse meadow, and were 1.54 and 1.59 µmol L-1 NH4
+, and 0.25 and 
0.23 µmol L-1 PO4
3-, respectively (Table 2-1). No trend with depth was observed for the nu-
trient concentrations in the sediment pore-water. The average concentrations of all depths in 
the dense and sparse meadows were 2.34 and 3.19 µmol L-1 NH4
+, and 0.39 and 0.40 µmol L-1 
PO4
3-, respectively.
Table 2-1. Mean ammonium (NH4+) and reactive phosphate (PO43-) concentration (µmol L-1 ± SE) in 
the water column and sediment pore-water at depths (in cm) in the dense and sparse canopy meadow on 
Bone Batang (n = 5), and from the nearby island Barang Lompo (n = 2).
Bone Batang Barang Lompo
depth dense canopy sparse meadow
NH4
+ water column 1.54 ± 0.47 1.59 ± 0.32 1.62 ± 0.72
pore-water 1.5 2.61 ± 0.40 3.25 ± 1.12 0.96 ± 0.31
4.5 2.44 ± 0.34 2.24 ± 0.80 2.27 ± 1.11
7.5 2.60 ± 0.95 3.98 ± 1.43 2.18 ± 0.03
10.5 2.24 ± 0.94 3.74 ± 1.84 2.93 ± 0.18
13.5 1.81 ± 0.35 2.74 ± 0.86 3.50 ± 2.06
PO4
3- water column 0.25 ± 0.04 0.23 ± 0.06 0.29 ± 0.09
pore-water 1.5 0.67 ± 0.15 0.53 ± 0.08 0.45 ± 0.05
4.5 0.36 ± 0.06 0.43 ± 0.06 0.35 ± 0.14
7.5 0.31 ± 0.03 0.32 ± 0.02 0.35 ± 0.12
10.5 0.29 ± 0.05 0.43 ± 0.11 0.48 ± 0.29
13.5 0.30 ± 0.03 0.30 ± 0.05 0.34 ± 0.24
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Figure 2-1. Mean leaf biomass development of successive leaf numbers for (A) T. hemprichii, (B) 
H. uninervis and (C) C. rotundata in the dense and sparse canopy meadow (± SE; n = 9). The model for 
leaf biomass development (Eq. 2-1) is fitted for both dense (solid line) and sparse meadow (dotted line). 
Closed symbols represent the mean biomass of intact leaves, open symbols the mean biomass of the natural 
mixture of leaves with prematurely detached leaves included as leaves having a zero biomass.
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Species characteristics
MANOVA results showed differences between seagrass shoot characteristics (Table 
2-2). Comparing the species showed that leaf, rhizome and root biomass per shoot was sig-
nificantly different between the seagrass species. Thalassia hemprichii had the highest shoot 
biomass, followed by Cymodocea rotundata and Halodule uninervis (Table 2-3). In the dense 
meadow all three seagrass species had higher leaf biomass per shoot, which is caused by the 
higher species-specific leaf biomass (Fig. 2-1). Thalassia hemprichii had a significant higher 
number of leaves per shoot compared to H. uninervis and C. rotundata. In the dense and sparse 
meadow premature leaf fragment loss accounted for 38 and 42% of the leaf biomass produc-
tion for T. hemprichii, 30 and 35% for H. uninervis, and 34 and 40% for C. rotundata, respec-
tively. The remaining leaf biomass production was lost by detachment of the oldest leaves. 
Leaf C and N concentrations were comparable for both meadows and declined with leaf 
age due to growth dilution and resorption with 20% for C and 45 to 60% for N (Table 2-4). 
The modelled leaf C content showed no decline with increasing leaf age, indicating that no 
Table 2-2. MANOVA tables of shoot characteristics for differences between seagrass species and meadows 
(see Material and Methods). Significant differences are bold.
Effect
R2 Error Species Meadow Species*meadow
Response (Adj) MS MS p MS p MS p
A) leaf development
biomass shoot-1 0.915 0.010 2.053 <0.001 1.548 <0.001 5.183 0.009
leaf shoot-1 0.758 0.034 2.594 <0.001 0.289 0.005 0.166 0.012
% N 0.768 0.001 0.053 <0.001 0.001 0.316 2.488 0.094
fragmentation 0.064 0.099 0.123 0.300 0.001 0.978 0.041 0.661
% RN 0.046 0.041 0.020 0.610 0.056 0.247 0.006 0.854
% R’N 0.063 0.033 0.016 0.612 0.007 0.634 0.010 0.737
B) belowground biomass shoot-1
rhizome 0.857 0.25 4.322 <0.001 0.052 0.158 1.610 0.210
root 0.834 0.16 2.257 <0.001 0.030 0.184 7.267 0.002
C) leaf production
absolute 0.735 0.025 1.861 <0.001 1.229 <0.001 0.001 0.974
relative 0.097 0.005 0.025 0.006 0.003 0.416 0.005 0.335
PL 0.276 0.004 0.049 <0.001 0.006 0.237 0.012 0.057
D) rhizome production
PHR 0.862 1.215 105.2 <0.001 0.487 0.533 0.146 0.887
PS 0.960 0.005 1.518 <0.001 0.000 0.890 0.003 0.564
biomass 0.596 0.020 0.430 <0.001 0.023 0.291 0.001 0.931
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C resorption from leaves occurred. Leaf N content was higher in the dense meadows due to 
higher leaf biomass, but both the maximum physiological and the actual leaf resorption were 
comparable for all species in both meadows (Table 2-5). The maximum physiological N re-
sorption from leaves (%RN) ranged from 25 to 35% of the leaf N content, the actual resorption 
(%R’N) from 16 to 20%, indicating that 58 to 67% of the maximum physiological resorption 
was actually realised.
Thalassia hemprichii had the highest absolute leaf production (g DW shoot-1 d-1) in both 
meadows, followed by C. rotundata, while H. uninervis had the lowest rate. Comparing pro-
duction per shoot of T. hemprichii between the meadows showed that leaf production per 
shoot was significantly higher in the dense meadow (Table 2-3). The relative leaf production 
(g g-1 shoot d-1) was significantly higher for H. uninervis compared to T. hemprichii, with in-
termediate values for C. rotundata. In both meadows rhizome production was significantly 
Table 2-3. Mean seagrass shoot characteristics (± SE). Leaf, rhizome, and root biomass per seagrass shoot 
(mg shoot-1), leaf production (mg shoot-1 d-1) and rhizome production (mg meristem-1 d-1), relative leaf 
production (mg g DW-1 d-1), plastochrone (d) for leaf (PL), horizontal rhizome (PHR) and living shoots 
(PS), number of leaves per shoot (# shoot-1), and mean N concentration (% DW) of leaves, rhizomes and 
roots. Number of samples per measurement is given, with exceptions between brackets. Significant differ-
ences (Table 2-2) between species (letters), meadow (Roman numerals) and species*meadows (numbers) 
are denoted.
meadow dense canopy sparse canopy
species T. hemprichii H. uninervis C .rotundata T. hemprichii H. uninervis C. rotundata
Leaf (n = 9)
shoot-1 3.62 ± 0.09a,I 2.96 ± 0.05c,I 3.11 ± 0.06b,I 3.48 ± 0.06a,II 2.62 ±0.04c,II 3.16 ± 0.07b,II
biomass 71.4 ± 6.3a,I 19.2 ± 1.4c,I 32.4 ± 2.2b,I 41.1 ± 1.8a,II 6.9 ± 0.4c,II 14.6 ± 1.3c,II
Belowground biomass (n = 10)
rhizome 431.3 ± 29.4a 56.5 ± 7.5b 72.9 ± 8.0b 353.2 ± 38.9a 63.3 ± 8.8b 54.5 ± 7.3b
root 110.8 ± 7.41 22.4 ± 2.13 48.1 ± 5.32 106.3 ± 5.51 27.7 ± 2.23 28.7 ± 4.03
Production
leaf (n = 11) 2.92 ± 0.17a,I 0.77 ± 0.05c,I 1.40 ± 0.08b,I 1.82 ± 0.14a,II 0.51 ± 0.05c,II 0.76 ± 0.07b,II
rhizome (n = 5) 1.50 ± 0.13a 0.56 ± 0.04b 0.81 ± 0.19b(4) 1.29 ± 0.18a 0.51 ± 0.10b(4) 0.71 ± 0.09b
Relative production
leaf (n = 11) 36.6 ± 0.8b 39.9 ± 1.7a 40.1 ± 2.1ab 36.1 ± 0.9b 42.8 ± 2.5a 40.6 ± 1.8ab
Plastochrone
PL (n = 11) 9.5 ± 0.3
a 10.3 ± 0.2b 10.3 ± 0.4b 8.7 ± 0.3a 11.2 ± 0.6b 9.0 ± 0.6a
PHR (n = 5) 3.4 ± 0.3
a 9.1 ± 0.5b 9.5 ± 0.8b(4) 3.3 ± 0.3a 9.0 ± 0.6b(4) 8.9 ± 0.6b
PS (n = 5) 42.7 ± 3.9
b 15.9 ± 1.2a 17.5 ± 1.4a(4) 46.6 ± 2.8b 16.2 ± 1.2a(4) 15.7 ± 1.3a
% N
leaf (n = 9) 2.13 ± 0.03a 1.61 ± 0.02c 2.03 ± 0.02b 2.18 ± 0.02a 1.71 ± 0.05c 1.98 ± 0.09b
rhizome (n = 21) 0.79 ± 0.022 0.67 ± 0.022 0.74 ± 0.022 0.76 ± 0.022 0.74 ± 0.032 0.90 ± 0.041
root (n = 21) 1.26 ± 0.03a 0.98 ± 0.02b 0.95 ± 0.02b 1.26 ± 0.03a 0.98 ± 0.02b 0.95 ± 0.02b
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Table 2-4. Mean C and N concentrations (% DW) in the successive leaf numbers of the seagrasses per 
meadow (± SE). Significant differences in C and N concentrations are denoted (post-hoc Tukey’s-b test; 
values designated with the different letters within each row are significant different). The % change was 
calculated between the oldest leaf and leaf with the highest concentration (marked with *; n = 9) 
species meadow leaf number % change
% C 1 2 3 4
T. hemprichii dense 38.19 ± 0.57a* 34.44 ± 0.51b 32.33 ± 0.55c 30.34 ± 1.11d* -20.4 ± 0.8
sparse 38.65 ± 0.43a* 35.18 ± 0.57b 32.81 ± 0.70c 30.76 ± 1.03d* -21.0 ± 0.9
H. uninervis dense 39.09 ± 0.39a* 35.48 ± 0.54b 32.89 ± 0.46c 31.22 ± 0.95d* -20.1 ± 1.0
sparse 38.87 ± 0.50a* 35.17 ± 0.68b 31.89 ± 0.74c 30.29 ± 1.75d* -20.2 ± 1.1
C. rotundata dense 40.90 ± 1.23a* 39.25 ± 0.50a 36.21 ± 0.43b 32.65 ± 3.18c* -19.1 ± 1.2
sparse 40.99 ± 0.63a* 39.10 ± 1.03b 35.27 ± 1.08c 32.92 ± 1.58d* -19.1 ± 1.1
% N
T. hemprichii dense 3.52 ± 0.25a* 2.34 ± 0.11b 1.82 ± 0.11c 1.41 ± 0.17d* -60.0 ± 1.6
sparse 3.33 ± 0.17a* 2.36 ± 0.13b 1.87 ± 0.08c 1.46 ± 0.15d* -56.2 ± 1.5
H. uninervis dense 2.31 ± 0.12a* 1.66 ± 0.09b 1.17 ± 0.04c 0.90 ± 0.11d* -60.7 ± 1.9
sparse 2.39 ± 0.11a* 1.70 ± 0.16b 1.16 ± 0.12c 1.02 ± 0.14c* -55.5 ± 1.5
C. rotundata dense 2.52 ± 0.08a* 2.31 ± 0.07b 1.67 ± 0.06c 1.17 ± 0.29d* -53.7 ± 4.0
sparse 2.41 ± 0.22a* 2.28 ± 0.27a 1.63 ± 0.22b 1.27 ± 0.31c* -46.3 ± 3.5
Table 2-5. Mean N content of the successive modelled (undamaged) leaf numbers (mg N leaf -1), resorp-
tion efficiency (%RN ), and actual resorption (%R’N ) in both meadows (± SE). All species showed a sig-
nificant decline (p < 0.01) in N contents between oldest and marked leaves (*). Percentage realized is the 
percentage of R’N  from RN (n = 9).
N content resorption
meadow leaf number % RN % R’N % realized
species 1 2 3 4
T. hemprichii
dense 0.47 ± 0.05 0.48 ± 0.05* 0.44 ± 0.04 0.38 ± 0.04* 29.5 ± 3.9 18.6 ± 2.1 64.4 ± 3.5
sparse 0.28 ± 0.02 0.30 ± 0.02* 0.29 ± 0.02 0.25 ± 0.02* 28.3 ± 4.6 17.0 ± 2.4 61.8 ± 2.8
H. uninervis
dense 0.10 ± 0.01 0.11 ± 0.01* 0.09 ± 0.01 0.08 ± 0.01* 32.3 ± 3.5 17.8 ± 1.8 55.3 ± 0.6
sparse 0.04 ± 0.01 0.05 ± 0.01* 0.04 ± 0.01* 25.3 ± 2.0 16.7 ± 1.4 66.9 ± 4.4
C. rotundata
dense 0.21 ± 0.02 0.29 ± 0.02* 0.25 ± 0.02 0.19 ± 0.02* 34.4 ± 5.3 19.4 ± 2.6 58.4 ± 3.0
sparse 0.08 ± 0.01 0.12 ± 0.01* 0.10 ± 0.01 0.09 ± 0.01* 30.9 ± 3.9 19.5 ± 1.7 65.8 ± 4.9
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higher for T. hemprichii compared to H. uninervis and C. rotundata, while the PS was shorter 
and PHR was longer for H. uninervis and C. rotundata compared to T. hemprichii. PL was longer 
for H. uninervis in the sparse meadow and shorter for T. hemprichii in the dense meadow, rela-
tive to the other seagrass species. No differences in rhizome production and plastochrones (PL, 
PHR, and PS) were measured for T. hemprichii between the meadows. 
Average N concentration of leaves was higher compared to belowground parts (Table 
2-3). Leaf N concentration was significantly lower for H. uninervis compared to the other 
species (ANOVA F2,54 = 26.41, p < 0.001). Rhizome N concentrations were comparable, ex-
cept for higher concentrations in C. rotundata in the sparse meadow (ANOVA F5,144 = 6.670, 
p < 0.001). Thalassia hemprichii root N concentration was significantly higher compared to 
the other species (ANOVA F2,72 = 33.15, p < 0.001). 
Meadow quantification
Detritus pools (>0.15 mm) were 946 ± 30 g DW m-2 or 12.0 ± 0.7 g N m-2 in the dense 
and 1064 ± 85 g DW m-2 or 15.0 ± 0.9 g N m-2 in the sparse meadow. MANOVA results 
showed differences between the meadows (Table 2-6). Shoot density, biomass (leaf, rhi-
zome, and root), and areal leaf production were significantly higher in the dense meadow for 
H. uninervis, C. rotundata, and total seagrass, while T. hemprichii had only significant higher 
areal leaf biomass and production (Table 2-7). Rhizome meristem density and areal rhizome 
production were comparable between the meadows. Total leaf and belowground biomass was 
118 and 625 g DW m-2 in the dense and 47 and 506 g DW m-2 in the sparse meadow, respec-
tively. Leaf production was 1777 g DW m-2 yr-1 in the dense and 853 g DW m-2 yr-1 in the sparse 
meadow, and accounted for 59% (range for species 46 to 75%) of the total production in the 
dense meadow and for 43% (36 to 60%) in the sparse meadow.
N dynamics
We assumed that the studied seagrass meadows were in steady state and that biomass 
production equals biomass loss. Relative leaf N demand was higher for H. uninervis (66 to 
84% of total N demand) and C. rotundata (74 to 82%) compared to T. hemprichii (49 to 
58%), indicating a higher belowground demand for the latter species (Table 2-7). The absolute 
and relative leaf N demand of T. hemprichii was higher in the dense meadow compared to the 
sparse. The loss of leaf N was comparable for all species. Premature leaf fragment detachment 
was comparable to 27 to 34% of leaf N demand and loss of the oldest leaf was 48 to 57%.
Comparing the meadows (affected both by shoot densities and species characteristics) 
showed that the fate of N incorporated in leaf material to N resorption (internal conservation) 
was 5.85 g N m-2 yr-1 (19% of the leaf N demand) in the dense and 2.56 g N m-2 yr-1 (17% of the 
leaf N demand) in the sparse meadow. The N loss through premature loss of leaf fragments was 
8.75 g N m-2 yr-1 or 28% of the leaf N demand in the dense and 4.97 g N m-2 yr-1 or 34% in the 
sparse meadow. The largest loss of N incorporated in seagrass leaf material was caused by the 
detachment of old leaves, comparable to 16.9 g N m-2 yr-1 or 54% of the leaf N demand in the 
dense and for 7.27 g N m-2 yr-1 or 49% in the sparse meadow. For the meadows, leaf N demand 
was 31.5 g N m-2 yr-1 in the dense and 14.8 g N m-2 yr-1 in the sparse. This accounted for 71% 
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Table 2-6. MANOVA table of differences between meadows per species and total seagrasses for density 
(# shoot m-2), biomass of leaf, rhizome, and root (g DW m-2) and leaf production (g DW m-2 d-1). Signifi-
cant differences are bold.
meadow characteristics shoot
R2 Error Meadow
species Response (Adj) MS MS p
Total density 0.474 59.08 4794 <0.001
leaf biomass 0.800 1.039 357.8 <0.001
rhizome biomass 0.118 7.660 99.05 0.001
root biomass 0.217 1.897 48.61 <0.001
leaf production 0.742 0.040 10.39 <0.001
T. hemprichii density 0.029 53.59 198.2 0.058
leaf biomass 0.067 2.673 19.85 0.008
rhizome biomass -0.010 20.14 1.617 0.778
root biomass 0.017 5.764 14.49 0.116
leaf production 0.035 0.115 0.480 0.044
H. uninervis density 0.345 146.0 7001 <0.001
leaf biomass 0.754 1.419 388.3 <0.001
rhizome biomass 0.278 9.061 319.2 <0.001
root biomass 0.219 3.889 101.0 <0.001
leaf production 0.564 0.083 9.658 <0.001
C. rotundata density 0.382 52.67 2971 <0.001
leaf biomass 0.687 1.098 215.7 <0.001
rhizome biomass 0.518 3.237 313.1 <0.001
root biomass 0.605 1.879 258.3 <0.001
leaf production 0.637 0.052 8.167 <0.001
Table 2-7 (next page). Mean characteristics of the dense canopy and sparse canopy meadow (± SE). Seagrass 
shoot and rhizome meristem densities (# m-2), biomass (g m-2), production (g m-2 yr-1), and N demand 
(g N m-2 yr-1) were determined for the seagrass parts (HR = horizontal rhizome, VR = vertical rhizome). 
The fate of N incorporated in leaf material (g N m-2 yr-1) is divided into actual leaf N resorption (R’N), 
N loss through premature leaf fragmentation, and N loss through oldest leaf detachment N. Finally, total 
loss of N incorporated in leaf material (g N m-2 yr-1) is given. Significant differences (Table 2-6) between 
the meadows are denoted.
28
Chapter 2 Growth strategy and N dynamics of seagrasses
29
m
eadow
dense canopy
sparse canopy
species
T. hem
prichii
H
. uninervis
C. rotundata
Total
T. hem
prichii
H
. uninervis
C. rotundata
Total
M
eristem
 density
shoot (n = 45)
604 ± 43
2424 ± 115
I
879 ± 51
I
3904 ± 103
I
799 ± 65
1178 ± 157
II
378 ± 43
II
2355 ± 130
II
rhizom
e (n = 15)
285 ± 46
322 ± 44
149 ± 43
756 ± 55
365 ± 58
282 ± 45
90 ± 19 
736 ± 59
Biom
ass
leaf
43.1 ± 3.1
I
46.5 ± 2.2
I
28.4 ± 1.7
I
118.0 ± 3.3
I
32.9 ± 2.7
II
8.1 ± 1.1
II
5.5 ± 0.6
II
46.5 ± 2.1
II
rhizom
e
260.5 ± 18.6
136.9 ± 6.5
I
63.9 ± 3.8
I
461.3 ± 17.7
I
282.2 ± 23.0
74.6 ± 10.0
II
20.6 ± 2.4
II
377.4 ± 16.7
II
root
66.9 ± 4.8
54.2 ± 2.6
I
42.2 ± 2.5
I
163.3 ± 5.1
I
84.9 ± 6.9
32.6 ± 4.4
II
10.9 ± 1.2
II
128.4 ± 4.7
II
T
O
TA
L
371
238
134
743
400
115
37
552
Production
leaf
644 ± 46
I
684 ± 32
I
449 ± 26
I
1777 ± 51
I
531 ± 43
II
218 ± 29
II
105 ± 12
II
853 ± 31
II
rhizom
e 
H
R
156 ± 26
66 ± 11
44 ± 11
267 ± 22
172 ± 26
52 ± 11
23 ± 4
248 ± 26
 
V
R
29
42
18
90
42
19
9
70
root
562
119
177
859
713
72
46
831
T
O
TA
L
1392
912
688
2992
1458
361
183
2002
N
 dem
and
leaf
11.8
10.1
9.50
31.5
10.3
2.42
2.06
14.8
rhizom
e 
H
R
1.23
0.45
0.32
2.00
1.30
0.38
0.21
1.90
 
V
R
0.23
0.31
0.12
0.67
0.32
0.14
0.08
0.54
root
7.06
1.17
1.68
9.92
8.96
0.71
0.43
10.1
T
O
TA
L
20.4
12.1
11.6
44.1
20.9
3.65
2.78
27.3
Fate of leaf N
 (%
 leaf N
 dem
and)
R’N
2.20 (18.6)
1.80 (17.8)
1.84 (19.4)
5.85 (18.6)
1.75 (17.0)
0.41 (16.7)
0.40 (19.5)
2.56 (17.3)
fragm
entation
3.64 (30.7)
2.52 (24.9)
2.59 (27.3)
8.75 (27.8)
3.59 (34.8)
0.71 (29.3)
0.67 (32.5)
4.97 (33.6)
detachm
ent
6.00 (50.7)
5.82 (57.4)
5.07 (53.3)
16.9 (53.6)
4.98 (48.2)
1.31 (54.0)
0.99 (48.0)
7.27 (49.1)
Leaf N
 loss (%
 total N
 dem
and)
total loss
9.64 (47.3)
8.35 (68.8)
7.66 (66.0)
25.6 (58.2)
8.57 (41.0)
2.02 (55.2)
1.66 (59.6)
12.2 (44.8)
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and 54% of the total seagrass N demand, respectively. Total N loss through loss of leaf material 
was comparable to 25.6 g N m-2 yr-1 or 58% of total (above + belowground) N demand in the 
dense meadow and 12.2 g N m-2 yr-1 or 45% in the sparse meadow.
Discussion
Meadow canopy density is positively related to leaf biomass and leaf production per 
shoot for Thalassia hemprichii. No differences in belowground biomass, rhizome production, 
plastochrone (leaf, rhizome, shoot), N content or resorption was measured for T. hemprichii 
growing in the dense and sparse canopy meadows. The studied seagrass meadows had low 
(sparse canopy) and average (dense canopy) leaf biomass compared to other Southeast Asian 
seagrass meadows (Brouns 1987, Nienhuis et al. 1989, Erftemeijer et al. 1993b). Leaf biomass 
accounted only for around 15% of the total seagrass biomass while leaf production accounted 
for about 50% of the total seagrass production. Leaves accounted for the main N demand 
for production. In both meadows, the leaf N demand was higher for Halodule uninervis and 
Cymodocea rotundata compared to T. hemprichii. The fate of N incorporated into leaf material 
was comparable for all three species and both dense and sparse meadows. About 50% of the 
N incorporated in leaf material is lost from the plants through detachment of the oldest leaf, 
premature leaf fragment loss accounts for approximately 30% and less than 20% was internally 
conserved through resorption.
T. hemprichii was characterized by a larger biomass, higher belowground production and 
longer PS compared to both H. uninervis and C. rotundata in both meadows, which charac-
terizes T. hemprichii as a climax species and H. uninervis and C. rotundata as the colonizer 
seagrasses (Brouns 1987, Vermaat et al. 1995). Thalassia hemprichii invested more in below-
ground production and therefore the leaf N demand relative to the total plant N demand was 
smaller, 49 to 58% of total N demand, compared to the colonizing species H. uninervis, 66 to 
84%, and C. rotundata, 74 to 82%. Since leaf N resorption was comparable for all species, the 
colonizing species lose relatively more N through detachment of leaf material compared to 
T. hemprichii. The PL of the three species was comparable, but because the average number of 
leaves per shoot was higher for T. hemprichii, the life span of T. hemprichii leaves was longer, 
indicating a more efficient use of N. Over a longer time span this climax species may be more 
competitive in the nutrient-poor offshore meadows, while pioneer species may take advantage 
in periods of high nutrient availability. This same pattern has been shown in the Caribbean, 
where Halodule wrightii replaced Thalassia testudinum under high nutrient conditions, while 
the latter seagrass species is competitively superior in nutrient-poor environments (Fourqurean 
et al. 1995). Increased leaf life span and resorption from ageing leaves is usually reported as nu-
trient conservation strategies (Hemminga et al. 1999). The higher investment in belowground 
tissue for T. hemprichii also results in a lower N loss relative tot total plant N demand, which 
could therefore also be seen as an N conservation strategy. 
Nutrient concentrations in the water column (0.25 µmol L-1 PO4
3-, 1.5 µmol L-1 NH4
+) 
were comparable to previous studies in tropical offshore seagrass meadows (Erftemeijer & 
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Middelburg 1993, Agawin et al. 1996, Stapel et al. 2001). Pore-water nutrient concentrations 
(0.4 µmol L-1 PO4
3-, 3 µmol L-1 NH4
+) were comparable to Philippine meadows (Agawin et al. 
1996), but much lower than reported in previous studies for the nearby island Barang Lom-
po (0.9-16 µmol L-1 PO4
3-, 25-136 µmol L-1 NH4
+; Erftemeijer & Middelburg 1993; Stapel 
et al. 2001). Additional samples were taken from Barang Lompo to determine whether the 
differences might be caused by the different techniques used to collect rhizome pore-water 
(rhizon pore-water samplers in this study and comparable collection methods using syringes 
by Agawin et al. 1996 versus filtration of pore-water from sediment cores using low N2 gas 
pressure by Erftemeijer & Middelburg 1993 and Stapel et al. 2001). The NH4
+ and PO4
3- pore-
water concentrations in the samples from Barang Lompo extracted using rhizon pore-water 
samplers were comparable to the concentrations from Bone Batang (Table 2-1). This indicates 
that using low N2 gas pressure to collect pore-water samples may result in substantial higher 
figures of the available nutrients in the pore-water compared to direct pore-water sampling. 
This may be caused by additional release of nutrients from hair roots, damaged rhizomes or 
from the sediment. Thus, concentration estimations obtained by different methods can not be 
compared directly.
In the sparse meadow the shoot-specific leaf biomass and production of T. hemprichii 
was smaller compared to the dense meadow. The results are opposite to Caribbean meadows, 
where T. testudinum had smaller shoot-specific biomass and reduced production in dense 
meadows or in meadows together with H. wrightii, explained by the possibility of self-shading 
(Rose & Dawes 1999). The relative short shoot length (around 10-15 cm) indicates that light 
competition in the shallow-water meadows studied at Bone Batang is highly unlikely. Thalassia 
hemprichii adapted its growth strategy to increased aboveground competition in the meadow 
as shown by the enhanced N demand for leaf production. The N demand for T. hemprichii leaf 
production was higher in de dense canopy meadow, both absolute (11.8 g N m-2 yr-1) and rela-
tive to total N demand (58%), compared to the sparse canopy meadow (10.3 g N m-2 yr-1 and 
49%, respectively). Combined with the comparable resorption efficiency between the mead-
ows (around 20%), this indicates that the growth strategy of T hemprichii in meadows with 
higher canopy densities may result in a higher loss of N due to detachment of leaf material. Dif-
ferences in growth strategy between the meadows are also unlikely to be introduced by under-
ground competition for available N or P. Sediment detritus contents and pore-water nutrient 
concentrations were comparable between the meadows, indicating that differences in growth 
strategy were not induced by belowground competition for nutrients (e.g. van Tussenbroek et 
al. 2006). 
The meadows were adjacent, so we expect that the tidal currents and waves were compa-
rable as well between the meadows. It may therefore be suggested that the meadows were in 
different stages of succession or development, resulting in differences in species composition 
and relative importance of above- and belowground production. The N demand of the stud-
ied meadows is within the range previously reported for seagrass meadows in the Indo-Pacific 
(Erftemeijer & Middelburg 1995, Duarte & Chiscano 1999, Stapel et al. 2001). The leaf N 
demand of the dense was higher compared to the sparse canopy meadow, both absolute (31.5 
vs. 14.8 g N m-2 yr-1) and relative (71 vs. 54% of the total N demand). This difference is caused 
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by the larger leaf N demand of T. hemprichii and the higher shoot density of the colonizing 
species H. uninervis and C. rotundata, which have a higher N demand, in the dense canopy 
meadow. 
Larger seagrass species had a higher leaf biomass, production and N demand per square 
meter, but the leaf N dynamics were comparable for all species and for both dense and sparse 
meadows, indicating that meadow canopy had no influence on leaf N resorption and the rela-
tive loss of N through leaf detachment. Seagrass herbivores often remove parts of seagrass leaves, 
causing a loss of leaf fragments (Kirsch et al. 2002). The premature loss of leaf fragments from 
the seagrass shoots was comparable to 30% of the N incorporated in leaves. We assumed this 
loss was mainly caused by grazing. The comparable relative loss rates of N incorporated in leaf 
material through premature detachment of fragments indicates that the grazing intensity was 
comparable between the meadows and studied species. The remaining 50% was lost through 
the detachment of the oldest leaf, which is most likely caused by the hydrodynamic stress of 
the waves and currents (cf. Koch et al. 2006; Fonseca et al. 2007). In dense meadows we ex-
pected less hydrodynamic forces and more mutual protection for the seagrass leaves against 
physical damage (Gambi et al. 1990, Koch et al. 2006). This would indicate a possible longer 
leaf age and a shift towards more grazing before detachment. Comparable relative importance 
of premature leaf detachment shows that in these shallow offshore meadows canopy structure 
did not influence the loss of leaf material through detachment. This can be due to the relative 
short seagrass canopy (height 10-15 cm) compared to the average water depth (1 m), dimin-
ishing the protection against hydrodynamic forces in the meadow (Koch et al. 2006). Also the 
exposure to wave activity in these shallow meadows may have enhanced hydrodynamic stress. 
Canopy density has only limited influence on this type of hydrodynamic force (Koch et al. 
2006, Fonseca et al. 2007).
Overall we conclude that the growth strategy of seagrasses affects the N dynamics and 
is influenced by the meadow canopy density. Thalassia hemprichii shoot-specific biomass, pro-
duction, and leaf N demand increases with increasing canopy density, but the relative leaf N 
resorption remained the same. The growth strategy of T. hemprichii growing in dense canopy 
meadows therefore results in a higher loss of N through the detachment of leaf material, indi-
cating that dense, high productive meadows are more prone to N loss through the detachment 
of leaf material compared to sparse canopy meadows. Higher N loss may to some extend be 
compensated by a higher N-use efficiency caused by increased leaf longevity in dense meadows. 
The absolute and relative leaf N demand and loss through leaf detachment is higher for colo-
nizing species H. uninervis and C. rotundata compared to climax species T. hemprichii, indicat-
ing the competitive dominance of the latter one in nutrient-poor environments. The high loss 
of N through the detachment of leaf and leaf fragments, which was comparable to 45 to 58% 
of total seagrass N demand, in a nutrient-poor, highly dynamic environment may result in a 
large loss of N from the meadows, but the continued persistence of seagrass meadows in these 
environments logically points to sources or mechanisms to replenish the lost N or diminish the 
N loss from the system.
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Abstract 
The occurrence of fauna species in two seagrass meadows with different canopy densities was 
studied on an uninhabited island in the Spermonde Archipelago, Sulawesi, Indonesia. Fauna den-
sities were estimated using sediment cores (infauna), permanent transects (visual invertebrates) 
and visual sensus ( fish species). The dense canopy meadow had overall fauna densities of 1133 
individuals m-2, compared to 751 individuals m-2 in the sparse meadow. Both meadows had a 
comparable distribution of the fauna species with polychaetes (35% of total fauna density), bi-
valves (27%) and sipunculids (25%) accounting for the largest part of the total fauna density. 
Including crustaceans (5.1%), Nynantheae (4.7%), echinoderms (2.5%), and fish species (0.5%) 
were the remaining groups. Infauna densities were comparable between the meadows. Crusta-
ceans, echinoderms, large bivalves and certain fish species had higher densities in the dense canopy 
meadow. Only a few individual species were more abundant in the sparse canopy meadow. The 
fauna densities reported in this study represent an averagely influenced seagrass meadow by hu-
man fisheries activities, but already the abundance of some fauna groups (holothurids and large 
gastropods) has largely declined.
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Introduction
The Indo-Pacific region is characterized by large, often multi-species seagrass meadows 
(Hemminga & Duarte 2000). Like all seagrass beds, these meadows provide habitat complex-
ity for the establishment of epiphytic algae, infauna, epifauna and fish. This results in habitats 
with higher production, diversity and abundance of associated fauna and flora than unveg-
etated areas (Ogden 1980, Orth et al. 1984, Edgar & Shaw 1995, Hemminga & Duarte 2000). 
Dominant fauna groups present in tropical seagrass meadows include sea urchins (echino-
derms), bivalves, crustaceans and fishes (Erftemeijer et al. 1993a, Alcoverro & Mariani 2004). 
Historically important large vertebrate grazers like dugongs and turtles have been decimated 
by human activities during the last century ( Jackson et al. 2001).
Higher canopy density or above ground biomass of seagrass relates to habitat complex-
ity, which reduce predation risks and enhance food supply for fauna species (Howard et al. 
1989, Heck & Valentine 1995, Peterson et al. 2001). The density of the seagrass meadow may 
therefore influence the abundance and diversity of fauna species. This has been poorly studied 
for tropical mixed-species meadows in the Indo-Pacific. The aim of this study was to determine 
fauna species present in mixed-species seagrass meadows and to identify the relation between 
seagrass canopy density and fauna species densities in these meadows. We determined distribu-
tion of invertebrates, both infauna and macrobenthic, and fish species densities in two mead-
ows with different mixed-species seagrass canopy density.
Materials and methods
Study area
We studied fauna species in two adjacent seagrass meadows on the island Bone Batang 
(5°01’ S; 119°19’ E; Fig. 1-1). Although uninhabited, the island was used by fishermen from 
neighbouring islands for selectively fishing and collection of fish and invertebrate species. Bone 
Batang was located 15 km offshore in the Spermonde Archipelago, which consists of a large 
group of coral islands and submerged reefs on the continental shelf along the west coast of 
South Sulawesi, Indonesia (see Stapel et al. 2001 for details of area). The island consisted of an 
inter-tidal sandy shoal with a surrounding reef flat and was covered by a barrier reef on the wave 
exposed site. An extensive multi-species seagrass meadow covered the reef flat, which consisted 
of coarse carbonate sand and coral rubble comparable to the nearby island Barang Lompo (93-
100% CaCO3; Erftemeijer 1994). We selected two adjacent subtidal seagrass meadows (0.2 to 
0.5 m below extreme low water level) with dense and sparse canopy density, mainly consisting 
of the co-occurring seagrass species Thalassia hemprichii, Halodule uninervis, and Cymodocea 
rotundata. The studied meadows had significantly different total seagrass density, aboveground 
biomass and leaf production (Table 3-1). 
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Fauna densities
Fauna densities were determined in the meadows in sediment cores, in permanent tran-
sects and using visual census. In each of the meadows three permanent transects were pegged 
out. The transects with marking poles on the corners were perpendicular to the edge of the 
meadow, 15 m long and 1 m wide, and started 2 m from the edge. All measurements were 
executed in or near these permanent transects from October 2004 till November 2005. The 
transects were divided into fifteen quadrats of 1 m2 in which all visible macrobenthic inverte-
brates (>1 cm) were counted at eleven occasions between October 2004 and November 2005. 
At 5 occasions also the sizes of these invertebrates were measured. Twelve infauna (>0.1 cm) 
samples were taken from the sediment in both sparse and dense meadows using a core sampler 
(16 cm diameter) drilled 20 cm into the sediment between May and July 2005. The core was 
washed out over a 1 mm sieve and infauna species were collected. The remaining material was 
washed out again over a 0.125 mm sieve and coloured using Rose Bengal to determine meio-
fauna. Fish community structure was counted with visual census using SCUBA, snorkelling 
and a stationary point-count method (Polunin & Roberts 1993). At both ends and in the 
middle of each permanent transect we surveyed three stationary areas of 5 m diameter during 
10 minutes at four times between April and July 2005. All fish species (>1 cm) within or pass-
ing through the area were counted and their length was estimated. Care was taken that fishes 
moving regularly in and out of the area were not counted twice. All fauna species observed 
and collected were identified up to species level when possible. Other taxonomic units (family, 
order) were used when identification was not possible further. 
Statistics
All counted data were transformed before statistical analysis. We used the square root 
transformation of the counted value plus 0.5 (Sokal & Rohlf 1995). Data was tested for equal-
ity of variances using Levene’s test before analysis. The differences in fauna species densities be-
tween the dense and sparse meadow were tested using t-tests. Differences in densities between 
groups of macrobenthic invertebrates were tested per meadow for date and distance from the 
meadow edge using MANOVA. Significant differences were further analysed using ANOVA 
and post-hoc Tukey’s-b test.
Results
The dense meadow had overall fauna densities of 1133 individuals m-2, compared to 751 
individuals m-2 in the sparse meadow. Both meadows had a comparable distribution of the 
fauna species with polychaetes (35% of total fauna density), bivalves (27%) and sipunculids 
(25%) accounting for the largest part of the total fauna density. Including Nynantheae (4.7%), 
most of these species were small infauna species. Crustaceans (5.1%) and echinoderms (2.5%) 
and the large bivalves Atrina vexillum, Pinna muricata, P. bicolor, Malleus albus, Isognomon 
pernum and Modiolus micropterus were the main groups of invertebrate species living (partly) 
on top of the sediment. These bivalves, all sea urchins, the sea star Protoreaster nodosa and the 
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Table 3-1. Seagrass meadow specifications of the dense and sparse canopy meadow for shoot density (# m-2) 
and biomass of leaf, rhizome and root (g DW m-2). Significant differences between the meadows are de-
noted (data from chapter 2). 
density biomass
meadow species shoot leaf rhizome root
dense canopy T. hemprichii 604 ± 43 43.1 ± 3.1I 260.5 ± 18.6 66.9 ± 4.8
H. uninervis 2424 ± 115I 46.5 ± 2.2I 136.9 ± 6.5I 54.2 ± 2.6I
C. rotundata 879 ± 51I 28.4 ± 1.7I 63.9 ± 3.8I 42.2 ± 2.5I
Total 3904 ± 103I 118.0 ± 3.3I 461.3 ± 17.7I 163.3 ± 5.1I
sparse canopy T. hemprichii 799 ± 65 32.9 ± 2.7II 282.2 ± 23.0 84.9 ± 6.9
H. uninervis 1178 ± 157II 8.1 ± 1.1II 74.6 ± 10.0II 32.6 ± 4.4II
C. rotundata 378 ± 43II 5.5 ± 0.6II 20.6 ± 2.4II 10.9 ± 1.2II
Total 2355 ± 130II 46.5 ± 2.1II 377.4 ± 16.7II 128.4 ± 4.7II
Date
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Figure 3-1. Mean macrobenthic invertebrate (>1 cm) densities living (partly) on top of the sediment 
measured using transects in the dense (top) and sparse (bottom) canopy meadow at different times during 
one year.
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shrimp Neaxius acanthus all had higher densities in the dense meadow compared to the sparse 
(Table 3-2A). The shrimp Alpheus sp. was the only macrobenthic species more abundant in 
sparse meadow. No trend over time was observed for visual macrobenthic invertebrate spe-
cies (>1 cm) in both meadows during one year (Fig. 3-1). The density of bivalves increased 
sharply from the edge to the interior of the dense meadow (ANOVA F14,480 = 88.48, p < 0.001; 
Fig. 3-2A). The other groups of macrobenthic invertebrates were equally distributed in the 
meadows (Fig. 3-2). 
Total fish densities (0.5% of total fauna density) were significantly higher in the dense 
compared to the sparse canopy meadow (t = 2.44, df = 70). Individual fish species densities 
showed different trends with shoot densities. Some species were significantly more abundant 
in the dense canopy (Atherinomorus lacunosus, Cheilio inermis and Siganus canaliculatus), 
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Figure 3-2. Mean macrobenthic invertebrate (>1 cm) densities living (partly) on top of the sediment mea-
sured using transects in the dense (top) and sparse (bottom) canopy meadow at different distances from the 
meadow edge. Significant differences in the dense canopy meadow between bivalve densities (ANOVA and 
post-hoc Tukey’s-b test) are denoted.
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while others in the sparse canopy meadow (Anampses caeruleopunctatus, Halichoeres chlorop-
terus, Pomacentrus adelus and Stethojulis strigiventer). Species representing the highest densi-
ties in the seagrass meadows were large schools of small juvenile A. lacunosus and Clupidae, 
the herbivorous species Calotomus spinidens, Leptoscarus vaigiensis, the omnivorous species 
S. canaliculatus, and the zoobenthivorous species C. inermis, Gerres oyena, P. adelus and 
S. strigiventer (Table 3-2B). 
Discussion
Although the island Bone Batang was uninhabited, people from neighbouring island 
frequently visited the island. Human activities on the island (personal observations from the 
first author) first included the removal of sand and coral blocks for building materials. Sec-
ondly, year round fishing activities were performed with a variety of gear. Fishing ranged from 
large fine nets for small juvenile fish (locally known as ‘ikan teri’) to line fishing for large top 
predators. Third, invertebrates were selectively collected, mainly by hand. The most collected 
invertebrates were holothurids (‘tripang’), large gastropods and some bivalves. Especially the 
abundance of these first two groups of invertebrates was low compared to less disturbed mead-
ows (e.g. Nienhuis et al. 1989). Compared to nearby inhabited island, the collection of inver-
tebrates was lower on Bone Batang, since no women or children came to the island, but only 
fishermen (personal observation). In the area large vertebrate grazers like dugongs and green 
turtles were almost completely disappeared, mainly due to human activities (cf. Jackson et al. 
2001). 
The seagrass density and biomass of the studied meadows were comparable with other 
studies on tropical meadows (Nienhuis et al. 1989, Erftemeijer & Herman 1994, Vermaat et 
al. 1995, Kuriandewa et al. 2003). The most abundant fauna species present in the seagrass 
meadows were small infauna species. No significant difference in densities of infauna species 
were detected between both meadows. This could be caused by the comparable belowground 
seagrass biomass of the meadows. Infauna species may be inhibited by heavy rhizome mats 
and are inversely related to belowground biomass (Stoner 1980). Colouring with Rose Bengal 
showed that meiofauna (0.15 to 1 mm) was almost not present in the sediment. This could 
be due to the coarse grained structure and low organic content of the sediment (Koller et al. 
2006). The large number of juvenile Tripneustes gratilla in the sediment indicates they live part 
of their lifecycle underground. Due to the low density and patchy distribution epiphytic inver-
tebrates were almost not counted, but were present within he meadows. Bryozoa and sponges 
occurring on seagrasses were only observed as small local patches within the meadow. None of 
these patches was included within the transects used for the fauna counting in this study.
The higher leaf density and biomass of the dense meadow positively correlated with 
the densities of invertebrates living (partly) on top of the sediment. Sea urchins, the sea star 
Protoreaster nodosa, large bivalves and the Thalassinid Neaxius acanthus all had significant 
higher densities in the dense meadow. Increased habitat complexity and food availability, and 
lower predation risks associated with the dense seagrass canopy may be the main reasons for 
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the positive effect on these organisms (Orth et al. 1984, Stoner & Lewis 1985, Heck et al. 
1989). The only invertebrate species preferring the sparse meadow was the shrimp Alpheus sp., 
confirmed by high densities reported in open Thalassia hemprichii monospecific meadows 
(Erftemeijer et al. 1993a, Stapel & Erftemeijer 2000). This shrimp depends on visual guarding 
by symbiotic gobies, which is hampered in dense canopy meadows. 
Besides having higher densities in the dense meadow, the large bivalves Atrina vexillum 
and Pinna muricata enhanced fauna densities themselves by creating habitat for other inver-
tebrate species, as shown for mussels (Modiolus americanus) in Zostera meadows (Valentine 
& Heck 1993). Their shells were used by sea urchins for shelter, by bivalves to attach to, and 
by crustaceans to live inside. These large bivalves may also positively influence seagrasses in 
these nutrient-poor meadows. Large bivalves filter particulate organic matter (POM) from 
the water column, deposit their faeces on the sediment and excrete NH4
+ (Peterson & Heck 
2001b). POM is not available for uptake by seagrasses, so these bivalves are supplementing the 
capacity of the meadow to catch N sources from the surroundings and enhance N retention of 
the meadow. The deposition of organic matter by bivalves enriches the sediment (Peterson & 
Heck 2001a). This increases the nutrient availability for seagrasses. 
The dense meadow had a significant higher total fish density, as observed in other tropi-
cal meadows (Unsworth et al. 2007b). The significant higher densities of Siganus canaliculatus 
and of juvenile Atherinomorus lacunosus in the dense seagrass meadow may be explained by 
lower predation pressure and higher food availability (Adams et al. 2004, Jackson et al. 2006). 
Larger specimens of herbivorous fish may also prefer dense seagrass meadows due to increased 
food availability ( Jackson et al. 2006), as observed for Calotomus spinidens and Leptoscarus 
vaigiensis (Scaridae). Habitat preference may be distinct between species (Guidetti & Bussotti 
2002, Hyndes et al. 2003). The zoobenthivorous species Anampses caeruleopunctatus, Halicho-
eres chloropterus, Stethojulis strigiventer and Pomacentrus adelus preferred the sparse meadow. 
This preference of larger benthic predators for more open meadows has been shown before 
(Salita et al. 2003). The open structure of the canopy provides zoobenthivores an increased 
foraging efficiency ( Jackson et al. 2006). Cheilio inermis was the only zoobenthivorous fish 
species preferring the dense meadow. 
Invertebrate species accounted for 99.5% of the total fauna density in the meadows. 
Polychaetes (35% of total fauna density), bivalves (27%) and sipunculids (25%) accounting for 
the largest part of the total fauna density. The meadow with the higher seagrass canopy density 
showed higher fauna densities compared to the more open canopy meadow. However, infauna 
densities were comparable between the meadows. Mainly fish species, sea urchins and bivalves 
showed higher densities in the dense canopy meadow, while only a few individual species had 
higher densities in the sparse canopy meadow. Large bivalves had higher densities towards the 
interior of the dense meadow. The fauna densities presented in this study represent averagely 
influenced seagrass meadows by human fisheries activities. More research is needed to assess 
the impact of selective removal of fauna groups (e.g. holothurids, large gastropods) from tro-
pical seagrass meadows. 
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Abstract
Herbivory by the sea urchin Tripneustes gratilla on a meadow consisting of the co-occurring 
seagrass species Thalassia hemprichii (climax species), Halodule uninervis and Cymodocea 
rotundata (colonizing species) was studied to determine the influence of sea urchin grazing on sea-
grass biomass and species composition, to quantify herbivory rate and to determine their role in the 
nitrogen (N) cycling. In a two month enclosure experiment in Sulawesi, Indonesia, we increased 
T. gratilla density and measured seagrass shoot density and aboveground biomass. Belowground 
biomass was determined at the start and end of the experiment and leaf production in the end. 
Carbon (C) and N concentrations were measured for plant material. Increased T. gratilla grazing 
did not influence seagrass shoot density or areal leaf production. The herbivory had a negative 
impact on the biomass per shoot for all species, but only for H. uninervis and C. rotundata aboveg-
round biomass declined significantly. The aboveground biomass of T. hemprichii relative to the 
other seagrasses increased significantly from 37 to 68% of the total biomass, while C. rotundata 
biomass declined significantly from 25 to 11% of the total biomass. No significant decline was mea-
sured for H. uninervis ( from 38 to 21%). Over the experiment T. gratilla grazing significantly 
reduced the aboveground biomass with 74% but had no effect on belowground biomass. Grazing 
caused an increase in the leaf N concentration for H. uninervis and C. rotundata. The calculated 
N intake rate was 15.9 ± 1.1 mg N urchin-1 d-1. Total herbivory by T. gratilla in the meadow at an 
average urchin density of 1.55 ± 0.07 m-2 was calculated to be 1.28 g DW m-2 d-1, corresponding 
to 26% of the net aboveground seagrass production. We conclude that T. gratilla consumes a con-
siderable amount of the leaf production and even influences species composition in tropical seagrass 
meadows. Tripneustes gratilla grazing may play a role in preserving N for the meadow and create 
short-circuits in the N cycling of seagrass leaf material. 
50
Chapter 4 Tripneustes gratilla grazing on seagrasses
51
Introduction
Seagrass meadows in the Indo-Pacific often consist of co-occurring seagrass species and 
maintain year-round a high leaf production (Hemminga & Duarte 2000). Part of this leaf 
production directly enters the detritus pathway, while another part is consumed by herbivores 
or exported (Duarte & Cebrián 1996, Cebrián & Duarte 1998). Historically, turtles and du-
gongs were main seagrass herbivores, but their numbers declined largely ( Jackson et al. 2001). 
Currently the most abundant herbivores on seagrasses are fishes, crustaceans and sea urchins 
(Alcoverro & Mariani 2004, Goecker et al. 2005, Valentine & Duffy 2006). 
In the tropical Indo Pacific region sea urchins are widely present in seagrass meadows 
(Klumpp et al. 1993, Alcoverro & Mariani 2002). Sea urchin grazing affects the aboveground 
biomass, leaf production, shoot density and coverage of seagrasses (Keller 1983, Valentine & 
Heck 1991, Valentine et al. 1997, Alcoverro & Mariani 2004). Leaf herbivory is highly variable 
on different seagrass species (Cebrián & Duarte 1998), but grazing preference of sea urchins 
on different seagrass species is poorly understood in the multi-species meadows of the Indo-
Pacific (Vaitilingon et al. 2003), where climax and colonizing species co-occur. Sea urchin her-
bivory may play a role in maintaining seagrass biodiversity in these meadows, besides physical 
environmental factors (Koch et al. 2006), light and nutrients (Hemminga & Duarte 2000). 
Few in situ studies have been performed to quantify sea urchin grazing in the Indo-
Pacific up till now (Valentine & Duffy 2006). The sea urchin Tripneustes gratilla is omnipres-
ent in shallow waters and found to graze predominantly on seagrasses (Klumpp et al. 1993, 
Lawrence & Agatsuma 2001). By quantification of the herbivory rate and the nitrogen (N) 
content of the leaves, N intake rates of T. gratilla and the removal of N from the seagrasses by 
grazing can be estimated (Valentine & Duffy 2006). Not all seagrass material ingested by sea 
urchins is digested efficiently (Lawrence & Klinger 2001) and fine-fragmented material is ex-
creted (Koike et al. 1987). Sea urchin grazing will therefore influence the N cycling of seagrass 
meadows in different ways. 
We hypothesize that sea urchin grazing influence seagrass biomass, density and produc-
tion in tropical mixed-species seagrass meadows up to influencing seagrass species composition. 
We investigated the effects of T. gratilla grazing on above- and belowground biomass, tissue 
nitrogen (N) and carbon (C) concentrations, density, leaf production and species composition 
of a meadows consisting of the co-occurring seagrass species Thalassia hemprichii (climax spe-
cies), Halodule uninervis and Cymodocea rotundata (colonizing species). Secondly we quanti-
fied the grazing by T. gratilla on the seagrasses and determined the role of sea urchin grazing on 
the N cycling in a tropical oligotrophic seagrass meadow. Hereto, the density of the sea urchins 
T. gratilla was artificially increased in situ in 1 x 1 m enclosures deployed in a seagrass meadow 
in the Spermonde Archipelago, South Sulawesi, Indonesia. 
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Materials and methods
Study site
The experiments were carried out at Bone Batang (5°01’ S; 119°19’ 30” E), an uninhab-
ited coral island in the Spermonde Archipelago, Indonesia, located 15 km offshore and 2 km 
north of Barang Lompo (Fig. 1-1). The island consisted of an intertidal sandbank with a sur-
rounding reef flat and barrier reef. The reef flat consisted of coarse carbonate sand and coral 
rubble and was covered by an extensive seagrass meadow consisting of the co-occurring species 
Thalassia hemprichii (climax species), Halodule uninervis and Cymodocea rotundata (coloni-
zing species). Halophila ovalis was found in low densities and accounted for less than 1% of the 
aboveground biomass. 
Urchin densities
Three permanent transects of 15 x 1 m were pegged out to estimate the densities of 
Tripneustes gratilla in the seagrass meadow. During day time the number of urchins present in 
each of the 15 quadrats of 1 m2 was counted on 11 occasions over the period of one year. At 5 
occasions also the size of each counted sea urchin was measured. 
Grazing experiments
Four replicate enclosures (1 x 2 m) were constructed at a research location in the seagrass 
bed with a well developed mixture of the three co-occurring seagrass species. Each enclosure 
consisted of two 1 x 1 m square compartments of ~40 cm height with different grazing treat-
ments. All visible (i.e. >10 mm) macro benthos was first removed by hand from the enclosures. 
The grazing treatments were no grazers added (control) and sea urchins added (Tripneustes 
treatment). Five T. gratilla with an average test diameter of 7.1 cm were introduced in the 
Tripneustes treatment. We used the density of 5 urchins m-2 (about 3 times the average density) 
deliberately to generate a measurable impact of T. gratilla grazing on the seagrass biomass, but 
made sure to remain within the range of natural densities found in this area, which is up to 7 
individuals m-2. 
The enclosures were constructed of zinc screen with 30 mm square mesh. The zinc screen 
was supported by wooden poles placed on the outside of the enclosures and completely cov-
ered the enclosures. The screen was not buried in the sediment to prevent damage to the rhi-
zomes. The sites chosen for the deployment of enclosures were about 30 cm below extreme 
low water (ELW). The experiment lasted for 58 days and was performed during the dry season 
(May – July 2005) with little or no environmental disturbance (e.g. wind, wave action) and 
stable seagrass growth conditions (Erftemeijer & Herman 1994). Since the enclosures had a 
wide mesh, were placed at shallow depth in clear offshore waters and were cleaned of epiphytes 
every week, we assume light limitation did not influence the experiment. 
52
Chapter 4 Tripneustes gratilla grazing on seagrasses
53
Sample collection
We used a slightly modified sample collection method as used by Valentine & Heck 
(1991). Every 10 days three 0.01 m2 square quadrats within each treatment were sampled ac-
cording to a predetermined random sampling design applied in the same way to each treat-
ment to assure quadrats were only sampled once during the whole experiment (Fig. 4-1). The 
seagrass leaves in the quadrats were cut off at sediment surface level using scraper blades. Total 
number of shoots per species was counted in each quadrat. Sampled leaves were cleaned from 
epiphytes using scraper blades, divided by species, and biomass dry weight (DW) was deter-
mined after oven drying (70°C, 48 h). Belowground biomass in the Tripneustes treatments was 
sampled at the start and end of the experiment using three cores (diameter 6 cm, depth 15 cm). 
Belowground plant material was washed free from sediment, divided into roots and rhizomes 
and treated like the aboveground samples. N and C concentrations (% DW) in aboveground 
and belowground tissues were determined using a Carlo Erba NA 1500 elemental analyzer. 
Leaf production
The leaf production was measured at the end of the experiment. Four replicate samples of 
10 shoots for each species were marked in each treatment using the leaf marking technique de-
scribed by Short & Duarte (2001). The marked shoots were harvested 17 days after leaf mark-
ing, divided into new produced and old material, and treated like aboveground samples. Leaf 
production (g DW shoot-1 day-1) was calculated as the amount of new produced leaf material 
divided by the product of time (17 days) and the number of shoots (10). 
Figure 4-1. Schematic overview of the sampling quadrats (0.1 x 0.1 m) harvested in each treatment. 
Quadrats 1, 2, 3, 4, 5, 6 and 7 were harvested at day 0, 9, 19, 29, 38, 48 and 58 respectively.
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Leaf loss
We estimated the amount of seagrass production consumed by sea urchins using a mass 
balance equation that partitions plant production into changes in biomass and leaf loss rate 
(modified from Valentine & Heck 2001): L = NAPP – ΔB; where L is the leaf loss rate between 
two sampling dates, NAPP the net aboveground primary production, and ΔB the change in 
aboveground biomass. Average NAPP was calculated at each sampling date by multiplying the 
leaf production per shoot with the measured shoot densities. The leaf loss rate (L) consisted of 
the sum of sea urchin herbivory rate (H) and the export rate of leaves (E). 
Statistical analysis
Before statistical analyses seagrass density data were normalized using the square root 
transformation of the counted data plus 0.5. Shoot biomass and leaf biomass were log-
transformed (Sokal & Rohlf 1995). Transformed data were tested for equality of variances us-
ing Levene’s test. All measured parameters (shoot density, biomass per shoot and aboveground 
biomass) were analyzed using MANOVA with grazing and time as fixed factors. Significant 
effect for any of the parameters was followed up by individual independent t-test comparison 
on these parameters for the start and end of the experiment. The change in percentage of total 
aboveground biomass per species was compared between day 0 and day 58 in the Tripneustes 
treatment using paired t-tests. The leaf growth rate, C and N concentrations and belowground 
biomass was analyzed using independent t-tests. Relative aboveground biomass per seagrass 
species at the start and end of the experiment was compared in the Tripneustes enclosures using 
paired t-tests. All statistical analyses were performed in SPSS 14.0. Values in the text are given 
as mean ± SE and p < 0.05 was considered significant. 
Results
Urchin densities
Tripneustes gratilla density counted in the seagrass meadow was on average 1.55 ± 0.07 
urchins m-2 (range 0 to 7). No trend in urchin density was observed over the year. The average 
test diameter was 6.8 ± 0.1 cm (range 1.5 to 11.0 cm). All T. gratilla were found solitary and 
often covered with seagrass leaves, detritus and other material. 
Grazing seagrass shoots
The response of seagrass on grazing by T. gratilla during the experiment was measured 
for shoot density, biomass per shoot and aboveground biomass and tested using MANOVA 
(Fig. 4-2; Table 4-1). No significant changes in shoot density were measured in the treatments 
during the experiment (Fig 4-2A-C). Tripneustes gratilla grazing resulted in a significant de-
cline of the biomass per shoot for all species over 58 days (all species p < 0.01), while in the 
control treatment this was stable (Fig 4-2D-F). Grazing during 58 days also resulted in a sig-
nificant decline of aboveground biomass for H. uninervis (t6 = 3.531, p = 0.012; Fig. 4-2H), 
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Table 4-2. Mean (± SE) percentage of total aboveground biomass per species in the Tripneustes treat-
ment at the start (t = 0) and end (t = 58) of the experiment. Significant differences are denoted and bold 
(n = 4).
% aboveground biomass paired t-test
species t = 0 t = 58 t3 p
T. hemprichii 36.6 ± 10.7a 67.9 ± 8.5b -3.42 0.042
H. uninervis 37.8 ± 9.1 21.4 ± 8.1 2.50 0.088
C. rotundata 25.5 ± 5.0a 10.7 ± 2.5b 4.18 0.025
Table 4-3. Mean (± SE) nitrogen and carbon concentrations (% DW) of the seagrass aboveground bio-
mass measured in the control and Tripneustes treatments at the end of the experiment. Significant differ-
ences between treatments are indicated (n = 8).
% N % C
species control Tripneustes control Tripneustes
T. hemprichii 2.25 ± 0.05 2.36 ± 0.11 34.5 ± 0.2 34.4 ± 0.3
H. uninervis 1.56 ± 0.03a 2.19 ± 0.07b 35.8 ± 0.3 35.8 ± 0.3
C. rotundata 1.89 ± 0.01a 2.37 ± 0.07b 38.5 ± 0.3 37.8 ± 0.4
Table 4-1. MANOVA results for variance in seagrass responses for density (shoot m-2), biomass per shoot 
(mg shoot-1) and aboveground biomass (g m-2). Grazing and time were taken as fixed factors (grazing 
df = 1, time and grazing*time df = 6, error df = 41, and total df = 56). Bold values denote significant 
effects (p < 0.05). Data was transformed before analyses to ensure homogeneity of variances (see Material 
and Methods).
Effect
R2 Error Grazing Time Grazing*Time
Response (Adj) MS MS p MS p MS p
Density
T. hemprichii 0.142 33.307 0.704 0.885 24.773 0.618 9.316 0.943
H. uninervis 0.125 86.632 14.868 0.681 103.22 0.329 195.48 0.056
C. rotundata 0.113 28.193 84.998 0.090 27.868 0.445 51.874 0.114
Biomass per shoot
T. hemprichii 0.611 0.015 0.411 <0.001 0.088 <0.001 0.097 <0.001
H. uninervis 0.684 0.027 2.164 <0.001 0.111 0.003 0.127 0.001
C. rotundata 0.870 0.010 2.065 <0.001 0.164 <0.001 0.155 <0.001
Aboveground biomass
T. hemprichii 0.093 0.061 0.447 0.010 0.055 0.497 0.059 0.456
H. uninervis 0.541 0.071 2.556 <0.001 0.214 0.015 0.278 0.003
C. rotundata 0.851 0.020 3.514 <0.001 0.202 <0.001 0.312 <0.001
Total 0.819 0.011 1.440 <0.001 0.098 <0.001 0.137 <0.001
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Cymodocea rotundata (t6 = 7.955, p < 0.001; Fig. 4-2I), and total aboveground biomass 
(t6 = 7.514, p < 0.001; Fig. 4-3), but not for Thalassia hemprichii (Fig. 4-2G). In the Tripneustes 
treatment the aboveground biomass of T. hemprichii relative to H. uninervis and C. rotundata 
increased significantly (p = 0.042) from 37 to 68% of the total biomass, C. rotundata aboveg-
round biomass relative to the other two species declined significantly (p = 0.025) from 25 to 
11%, while the relative H. uninervis biomass did not change significant (p = 0.088; Table 4-2) 
due to grazing for 58 days. In the control treatment no significant change in total aboveground 
biomass was measured. In the Tripneustes treatments the total aboveground seagrass biomass 
showed a sharp decline (74%) during the first 38 days and remained constant until the end of 
the experiment (Fig. 4-3). At the end of the experiment the N concentrations of aboveground 
biomass were significantly higher in the Tripneustes grazed compared to the control treatment 
for H. uninervis (t14 = -8.81, p < 0.001) and C. rotundata (t8 = -7.73, p < 0.001), but not for 
T. hemprichii (Table 4-3). The aboveground C concentration was equal in both treatments for 
all species. 
Belowground
In the Tripneustes treatment total rhizome biomass was 553 ± 48 and 408 ± 42 g DW 
m-2 at the start and the end of the 2 months grazing respectively (no significant decline). Also 
none of the individual seagrass species showed a significant decline in rhizome biomass. Root 
biomass consisted of 210 ± 15 g DW m-2 and did not change significantly during the 2 months 
grazing experiment. The N concentrations of the rhizomes did not change and were on average 
0.84 ± 0.06%, 0.92 ± 0.05% and 0.63 ± 0.04% for T. hemprichii, H. uninervis and C. rotundata 
respectively. Over the experimental period the C concentration in H. uninervis rhizomes de-
clined significantly from 37.5 ± 0.6 to 35.8 ± 0.4% (t6 = 2.47, p = 0.048), but no significant 
change was observed for T. hemprichii (average 35.7 ± 0.3%) and C. rotundata (average 36.8 
± 0.9%). 
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Figure 4-3. Mean aboveground seagrass biomass in the control and Tripneustes treatment during the 
experiment (± SE).
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Leaf production and loss
Leaf production per shoot was highest for T. hemprichii, intermediate for C. rotundata, 
and lowest for H. uninervis. Leaf production was not significantly different between treat-
ments (Table 4-4). We combined this production with the measured densities of the different 
seagrass species to determine the NAPP in the different treatments over time. The leaf loss rate 
(L) in the Tripneustes treatment showed a similar pattern to the aboveground biomass loss and 
was also high during the first 38 days (Fig. 4-4). L declined from more than 10 g m-2 d-1 after 
introduction of T. gratilla to around 4 g m-2 d-1 during the last 20 days of the experiment. 
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Figure 4-4. Mean leaf loss rate (L) in the Tripneustes treatments (± SE). The leaf loss rate was calculated 
as the mean leaf production of two consecutive measurements minus the change in biomass over the same 
period and represented the sum of sea urchin herbivory (H) rate and export of material (E).
Table 4-4. Mean (± SE) leaf production per shoot (mg sh-1 d-1) measured for the different seagrass species 
at the end of the enclosure experiment (t = 58) using the leaf marking technique. No significant differences 
between treatments were measured (n = 4, 10 shoots per sample, except for H. uninervis n = 3).
leaf production
species control  Tripneustes
T. hemprichii 2.27 ± 0.20 2.17 ± 0.32
H. uninervis 0.68 ± 0.05 0.43 ± 0.12
C. rotundata 1.16 ± 0.22 0.71 ± 0.16
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Discussion
Increased Tripneustes gratilla grazing significantly influenced seagrass species composi-
tion in this meadow. Aboveground biomass of Thalassia hemprichii remained similar, while 
both Halodule uninervis and Cymodocea rotundata showed significant declines due to the her-
bivory. The relative aboveground biomass increased significantly for T. hemprichii and declined 
significantly for C. rotundata during the T. gratilla grazing experiment. None of the studied 
seagrass species showed an increase in shoot density, increase in leaf production, or decline in 
belowground biomass in response to urchin grazing. 
The change in aboveground dominance towards T. hemprichii in the Tripneustes treat-
ment can be caused by differences in survival of the three seagrass species enclosed or by pref-
erence of T. gratilla to feed on the pioneer species C. rotundata and H. uninervis over the 
climax species T. hemprichii. No decline in shoot meristem density was measured for any of the 
seagrasses, indicating that the meristems were not damaged by sea urchin grazing. It is there-
fore unlikely that the persistence of T. hemprichii in the Tripneustes treatment resulted from 
differential exposure of meristems to damage by sea urchin grazing. Overall T. gratilla grazing 
is beneficial for the climax species and may result in a decline of seagrass biodiversity in this 
meadow. A general pattern of T. gratilla grazing on different seagrass species is not clear due 
to contrasting results from other studies. Koike et al. (1987) reported that T. gratilla grazed 
predominantly on living leaves of the dominant species T. hemprichii over Enhalus acoroides 
and Syringodium isoetifolium, Vaitilingon et al. (2003) showed a preference of T. gratilla for 
S. isoetifolium and H. uninervis in a Cymodocea serrulata dominated seagrass meadow in which 
also T. hemprichii occurred, while Klumpp et al. (1993) stated that T. gratilla grazed to lesser 
extent on S. isoetifolium in a T. hemprichii dominated meadow. N concentration of the seagrass 
leaf material appears not to influence T. gratilla grazing, since reported values for the preferred 
species are often lower compared to the dominant, non-preferred species.
Increased T. gratilla grazing reduced the aboveground biomass with 74%, but in terms 
of total (above and below ground) biomass only 17% was grazed. No significant effect on the 
belowground seagrass biomass was measured, which is in agreement with previous research 
(Heck & Valentine 1995). In the rhizomes the plants have stored reserves, which are redistrib-
uted to leaves when necessary (Libes & Boudouresque 1987), but these reserves are not readily 
accessible to most grazers (Valentine & Duffy 2006). At the start 20% of the total seagrass 
biomass was aboveground and available for herbivory, of which only 8% remained at the end 
of the experiment in the Tripneustes treatments. Mobilization of stored soluble carbohydrates 
and nutrients from rhizomes and subsequent translocation of these nutrients among physically 
integrated ramets (Dawes & Lawrence 1979, Heck & Valentine 1995) may to some extent 
have contributed to the maintenance of leaf production, as indicated by the significant decline 
of C concentration in H. uninervis rhizomes at the end of the experiment. 
The fast decline in seagrass aboveground biomass in the Tripneustes grazed treatments was 
comparable with the decline of T. testudinum aboveground biomass in Tripneustes ventricosus 
grazed enclosures in the Caribbean (Keller 1983). After 38 days T. gratilla grazing resulted 
in short vegetation with a canopy height of about 3 cm. Most laves showed grazing marks 
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and damaged tips (>90% of leaves damaged), so we were unable to identify if shoots pro-
duced shorter leaves. However, this indicates that a decrease in leaf length, caused by grazing 
of T. gratilla, resulted in the decline of total aboveground seagrass biomass during the experi-
ment. Since no old leaves or litter were present anymore in the Tripneustes treatments during 
the last 20 days of the experiment, we assumed that export (E) of detached and old leaf frag-
ments was negligible. In the absence of other grazers, this means that leaf loss rate (L) is similar 
to the urchin herbivory rate (H) from day 38 onwards. The herbivory rate of T. gratilla was 
0.69 ± 0.05 g urchin-1 d-1 aboveground biomass in the treatment. This rate is about twice the 
average values reported from feeding experiments (Koike et al. 1987, Klumpp et al. 1993), but 
within the range (0.04 till 1.1 g DW urchin-1 d-1) reported by the first authors. 
Since T. gratilla is a generalist herbivore (Lawrence & Agatsuma 2001), we assume 
T. gratilla has a compensative feeding strategy as shown for other sea urchins (Vadas 1977, 
Valentine & Heck 2001). The total biomass intake of T. gratilla in the enclosures (0.69 ± 0.05 
g DW urchin-1 d-1) was multiplied by the average seagrass leaf N concentration (2.3%) to cal-
culated N intake rate. The 16 ± 1 mg N urchin-1 d-1 for T. gratilla (test diameter 71 mm) in this 
study was comparable to 13 mg N urchin-1 d-1 found by Koike et al. (1987) for T. gratilla (test 
diameter 72 mm) grazing on T. hemprichii mono stands. 
We used the principle of compensative feeding to calculate the T. gratilla herbivory rate 
under natural conditions. Herbivory of T. gratilla resulted in an increase of N concentration 
in the aboveground biomass, caused by a relative increase in young leaf tissue, which has higher 
N concentrations (Stapel & Hemminga 1997). In the natural meadow the average N concen-
tration of the aboveground seagrass biomass was 1.93 ± 0.01% (chapter 2), comparable to the 
control treatment. Taking this difference into account, we calculated that for the same N in-
take rate as in the Tripneustes treatments the herbivory rate of T. gratilla in the natural meadow 
would have been 0.82 ± 0.06 g leaf urchin-1 d-1. 
The average number of T. gratilla at our research location (1.55 ± 0.07 m-2) was com-
parable with densities found in other Indo-Pacific meadows (Klumpp et al. 1993, Alcoverro 
& Mariani 2002). Combining the observed T. gratilla density at the research location with 
the estimated herbivory rate under natural conditions we calculated an herbivory rate of the 
T. gratilla population of 1.28 g DW leaf m-2 d-1, corresponding to 26% the total aboveground 
seagrass production in this meadow. The relative amount of seagrass production removed by 
sea urchin grazing is strongly dependent on sea urchin densities measured. The amount of sea-
grass leaf material consumed by sea urchins varies between values corresponding to 1% (den-
sity 0.06 urchin m-2; Koike et al. 1987) and more than 100% (40 urchin m-2; Heck & Valentine 
1995). A comparable total sea urchin density, consisting of T. gratilla and Salmacis sphaeroides, 
grazed 24% of the total aboveground production in the Philippines (Klumpp et al. 1993), 
comparable to our calculation. 
Sea urchin grazing influences the N cycling in seagrass meadows in different ways. Tropi-
cal meadows have high leaf production and low leaf lifespan and resorption of N from senesc-
ing leaves (about 15%; Stapel & Hemminga 1997), while growing in a hydrodynamic stressful 
environment (Koch et al. 2006). Old leaves are still photosynthetically active but become more 
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susceptible to detachment due to mechanical stress and increased epiphyte loading. When 
these leaves break off from the plant, they are still buoyant and may easily be transported out 
of the meadow (Hemminga & Duarte 2000). Consumption by T. gratilla prevents this leaf 
material from floating away.
From the 25 mg N m-2 d-1 seagrass intake by T. gratilla most likely only 40% (9.9 mg N 
m-2 d-1) is actually removed and assimilated by T. gratilla (Koike et al. 1987), corresponding 
to about 10% of the net leaf N production (87 mg N m-2 d-1; chapter 2). Of the remaining leaf 
N half is excreted as inorganic N (Koike et al. 1987), mainly ammonium (Dy & Yap 2000, 
Lawrence & Klinger 2001) and the other part are faeces. The average retention time of seagrass 
material in the guts of the sea urchin is less than two days, providing a quite rapid process of 
fragmentation of seagrass leaves as compared to mechanical fragmentation by water move-
ments (Koike et al. 1987, Valentine & Duffy 2006). Since the urchins are slow moving and the 
retention time in the guts is low, the faeces with negative buoyancy (personal observation) are 
deposited close to the location of grazing. 
Herbivory by T. gratilla has a significant influence on species composition of tropical 
mixed-species meadows. Besides abiotic factors like hydrodynamics, light and nutrient avail-
ability, herbivory may be an important factor determining species composition and abundance 
in tropical meadows. Although the consumption of seagrass leaves by T. gratilla correspond to 
26% of the leaf production, probably only 10% is actually assimilated to urchin biomass. The 
remaining N becomes quickly available again for the meadow. This study provides support for 
the assumption that T. gratilla herbivory preserves N for the meadow and short-circuit and 
accelerate the N cycling of the seagrass ecosystem. 
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Abstract 
The abundance, burrow characteristics, and in situ behaviour of the burrowing shrimps 
Neaxius acanthus (Decapoda: Strahlaxiidae) and Alpheus macellarius (Decapoda: Alpheidae) 
were studied to quantify the collection of seagrass material, to identify the fate of this collected 
material, and to determine the importance of these burrowing crustaceans in the nutrient (nitrogen 
and phosphorus) cycling of two tropical seagrass meadows on Bone Batang, South Sulawesi, Indo-
nesia. Alpheus macellarius harvested 0.70 g DW burrow-1 d-1 seagrass material, dominantly by 
active cutting of fresh seagrass leaves. Neaxius acanthus collected 1.66 g DW burrow-1 d-1, mainly 
detached leaves which floated past the burrow opening. The A. macellarius and N. acanthus com-
munities together collected in their burrows an amount of seagrass leaf material corresponding 
to more than 50% of the leaf production in the meadows studied. The crustacean species studied 
might therefore fulfil an important function in the nutrient cycling of tropical meadows. In the 
burrow most of the collected material is shredded into pieces. The burrows of all species had special 
chambers which serve as a storage for seagrass leaf material. Neaxius acanthus incorporated most 
of the material into the burrow wall lining, which is made of small sediment particles and mace-
rated seagrass leaves. Phosphate concentrations measured in N. acanthus burrows compared with 
pore-water and water-column concentrations suggests that a substantial amount of the seagrass 
material undergoes decomposition in the burrows. Oxygen levels measured in these water bodies 
are indicative for a possible exchange of water between the burrow and its surroundings, most likely 
supported by the shrimps irrigating their burrows. By collecting leaf material in their burrows, 
nutrients that are otherwise lost from the seagrass meadow associated with detached leaves and leaf 
fragments carried away in the water column, are maintained in the meadow and may form an 
important recycled source of nutrients.
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Introduction
In many coastal ecosystems burrowing crustaceans contribute significantly to the material 
flow of particular matter. Especially in tropical and subtropical coastal systems crustaceans 
induce bioturbation and aerate the sediments with oxygen. They also irrigate their burrows 
and originate a water flow which transports organic particles into the inner parts of the burrow 
and carries nutrients as well as dissolved organic substances to the water column. Many of those 
crustaceans use detritus as a food source which is either found in the sediment or they actively 
collect plant material from the area surrounding their burrow openings. In mangrove forests 
burrowing crustaceans are important consumers of litter material (Alongi & Christoffersen 
1992, Lee 1995). By collecting litter in their burrows they help to retain organic material with-
in the forest, provide a recycling of nutrient at the place where it is needed and thus maintain 
the productivity of these systems (Smith III et al. 1991, Werry & Lee 2005). The decomposi-
tion of litter produced by coastal macrophytes is of special importance in those communities 
where the availability of nutrients is limited and this process is therefore essential to overcome 
a shortage of certain elements such as nitrogen and phosphorous. Reef bound tropical seagrass 
meadows are nutrient-poor ecosystems (Nienhuis et al. 1989, Erftemeijer 1994) except those 
situated in a riverine outflow or close to an upwelling area. Although nutrient concentrations 
in surrounding water as well as in pore-water are low, seagrasses maintain a high productivity 
(Erftemeijer et al. 1993b, Duarte & Chiscano 1999). 
Previous studies revealed that thalassinid and alpheid shrimps are collecting seagrass mate-
rial that is stored in their burrows (Farrow 1971, Griffis & Suchanek 1991, Stapel & Erftemeijer 
2000, Abed-Navandi & Dworschak 2005). Dworschak (2000) and Atkinson & Taylor (2005) 
indicated that the lifestyle of burrowing crustaceans often results in them being underreported 
or wrongly considered as rare: in reality they may be abundant and are often encountered in 
tropical seagrass meadows (Nienhuis et al. 1989, Erftemeijer et al. 1993a, Abed-Navandi & 
Dworschak 2005). Some of these burrowing crustaceans use seagrass litter as a food source, as 
identified by stable isotope analysis (Boon et al. 1997, Palomar et al. 2004, Abed-Navandi & 
Dworschak 2005) and as building material (Farrow 1971). The shrimps need to irrigate their 
burrows to maintain oxygen concentration at levels suitable for respiration and to keep dis-
solved nutrients originating from the decomposing litter below toxic levels (Stanzel & Finelli 
2004, Meysman et al. 2006). Therefore there is a two way exchange of solutes and particles 
from the burrow to the surrounding environment (Atkinson & Taylor 2005). Nutrients that 
are released from the burrows may become available again for seagrass production. 
However, the extent to which this burial of organic matter influences the nutrient 
cycling in seagrass meadows is largely unknown. It is hypothesized that burrowing crustaceans 
provide an essential ecological service in oligotrophic tropical offshore seagrass meadows 
with respect to nutrient cycling by collecting seagrass leaf and litter material in their burrows. 
Here the material is stored, unavailable for export by current or waves, and will decompose. 
The nutrients regenerated from the decomposing seagrass material are a potential source of 
nutrients to the water column. The abundance and characteristics of the burrows of Neaxius 
acanthus and Alpheus macellarius, and their behaviour were studied to quantify the collec-
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tion of seagrass material, to identify the fate of this collected material, and to determine the 
importance of these burrowing crustaceans in the nutrient cycling of tropical seagrass mea-
dows. Oxygen, ammonium and phosphate concentrations in N. acanthus burrows, in pore-
 water and in the water column were measured to identify the possible exchange of water be-
tween the burrow and its surroundings. 
Material and methods
Study area
The experiments were carried out in the Spermonde Archipelago, which consists of a 
large group of coral islands and submerged reefs on the continental shelf along the west coast 
of South Sulawesi, Indonesia (see Stapel et al. 2001, for details). For the research location 
Bone Batang (5°01’00” S; 119°19’30” E) was chosen, an uninhabited coral island located 15 
km offshore and 2 km north of Barang Lompo (Fig. 1-1). The island consisted of an inter-
tidal sandy shoal with a surrounding reef flat and was covered by a barrier reef on the wave 
exposed site. An extensive multi-species seagrass meadow covered the reef flat, which consisted 
of coarse carbonate sand and coral rubble comparable to the nearby island Barang Lompo 
(93-100% CaCO3; Erftemeijer 1994). Two adjacent subtidal seagrass meadows were studied 
with dense and sparse aboveground leaf biomass, mainly consisting of the co-occurring sea-
grass species Thalassia hemprichii, Halodule uninervis, and Cymodocea rotundata. The studied 
meadows had significantly different total seagrass density, aboveground biomass and produc-
tion (Table 5-1). 
Shrimp burrows
In both a dense and a sparse seagrass canopy meadow three permanent transects were 
created to measure the density of shrimp burrow openings. The transects were perpendicular 
to the margin of the seagrass meadow, 15 m long and 1 m wide, and started 2 m from the edge 
of the meadow. Burrow opening densities in each of the 15 quadrats of 1 m2 per transect were 
counted at 11 occasions from October 2004 to November 2005. About 90 burrow openings 
of N. acanthus in both meadows were marked with bamboo sticks to monitor the opening 
states (open, closed, or expulsion mound). They were recorded monthly from September 2005 
to January 2006.
The influence of burrow openings of N. acanthus on the sediment composition was ana-
lysed. Six cores (diameter 16 cm, depth 30 cm) were taken from the meadow at undisturbed 
locations, and six cores were taken encircling N. acanthus burrow openings. From the cores 
without N. acanthus burrows (undisturbed), sediment sub-samples were taken from the sur-
face, 15 and 30 cm depth. From the cores encircling burrows, burrow lining material was col-
lected from the same depths. The thickness of the burrow lining was recorded. All visible ani-
mals and plant fragments were removed from the sediment samples. Wet weight, dry weight 
(48h at 70°C) and ash-free dry weight (4h at 500°C) were determined. Grain size composition 
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of sediment and lining material was analyzed after shaking dried sediment samples for 10 min 
on a series of test sieves ( JEL 200 T, J. Engelmann AG; mesh sizes 2000, 1000, 500, 250, 125 
and 63 µm). 
Five casts were made of N. acanthus burrows and three were made of A. macellarius bur-
rows using polyester resin or two-component epoxy resin. The resin was prepared on the spot 
and poured into the burrows using a funnel and tube. After two days hardening the casts were 
dug out by hand and attached sediment was removed. The location of seagrass material collect-
ed by the shrimps in the burrow systems, burrow dimensions and shaft diameter were noted. 
Seagrass collection
The passive influx and active collection of floating seagrass material into N. acanthus bur-
rows were estimated in January 2006. The passive influx of seagrass material was estimated by 
inserting 40 small PVC tubes (length 10 cm, diameter 15 mm, closed at the bottom) into the 
burrow openings in two transects in the dense meadow at three different days. After 3 h the 
tubes were retrieved and the accumulated detritus was collected. The results from tubes that 
were completely filled with sediment or from tubes that were demolished were discarded. The 
detritus material was dried (70°C, 48 h) to calculate the dry weight (DW) influx of material 
into the burrow. Six estimations were made from 8 to 26 burrows per transect. The collec-
tion of seagrass leaf material by N. acanthus was estimated by in situ visual observations of 
the shrimps. During three days 18 observations of 15 min were made during daytime (8:15 to 
15:00). The leaf fragments collected by the shrimp were assigned to four size classes (0-1, 1-3, 
3-5 and >5 cm) reading a ruler placed next to the opening. The total biomass of collected leaf 
material was estimated by multiplying the length by a DW: length ratio determined from 150 
haphazardly collected seagrass leaves (2.08 g DW cm-1).
In situ behaviour of A. macellarius was observed to estimate seagrass material collection in 
November-December 2003 and June-July 2005. Observations were made at daytime (7:00 to 
12:15) on 100 individual burrow openings in total during different water levels (water depths 
ranging from 0.5 to 1.5 m). After marking a burrow opening by placing a small ruler next to 
Table 5-1. Mean seagrass shoot density (# m-2), seagrass leaf biomass (g DW m-2), and seagrass leaf 
production (g DW m-2 d-1) of both meadows for the individual species and total seagrass canopy. (± SE, 
from chapter 2). 
meadow species shoot density leaf biomass leaf production
dense canopy T. hemprichii 604 ± 43 43.1 ± 3.1 1.76 ± 0.13
H. uninervis 2424 ± 115 46.5 ± 2.2 1.87 ± 0.09
C. rotundata 879 ± 51 28.4 ± 1.7 1.23 ± 0.07
Total 3904 ± 103 118.0 ± 3.3 4.87 ± 0.14
sparse canopy T. hemprichii 799 ± 65 32.9 ± 2.7 1.46 ± 0.12
H. uninervis 1178 ± 157 8.1 ± 1.1 0.60 ± 0.08
C. rotundata 378 ± 43 5.5 ± 0.6 0.29 ± 0.03
Total 2355 ± 130 46.5 ± 2.1 2.34 ± 0.08
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the opening, the observer retreated and waited at about 2 m distance until the reappearing of 
both shrimp and symbiotic goby. At this distance the observer did not disturb the behaviour of 
the shrimp or the goby. All visible activities were recorded during 15 minutes. The number of 
behavioural states of the Alpheus shrimp was simplified (see Palomar et al. 2005 for extended 
list of behavioural states) and four main aboveground behavioural classes were identified. The 
number of occurrence for following the shrimp activities were counted: (1) building of burrow 
opening, (2) expulsion of sediment from the burrow, (3) collection of detritus, and (4) cutting 
seagrass leaves from living shoots. For leaf cutting distinguish was made between successful 
and failed attempts, the latter resulted in the shrimp retreating into the burrow without leaf 
material. The size of the harvested material was estimated to the nearest cm reading the ruler. 
Biomass collected was estimated as described for N. acanthus. 
The total leaf collection in the meadows was calculated for both N. acanthus and 
A. macellarius. The influence of these shrimps on the seagrass meadows was estimated by com-
paring the amount of seagrass material collected by the shrimps with the leaf production of 
these meadows (data from chapter 2).
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Figure 5-1. Mean grain size composition of (A) sediment, and (B) lining material from burrows of 
N. acanthus (± SE). Significant differences per grain size are denoted (**, p < 0.01).
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Water analysis
Oxygen saturation, pH, ammonium (NH4
+) and reactive phosphate (PO4
3-) concentra-
tions were determined in the water column (n = 3), in sediment pore-water at 1.5, 4.5, 7.5, 
10.5, 13.5, 30 and 45 cm depth (n = 3) in both meadows and in the large chamber of burrows 
of Neaxius acanthus (n = 18). Samples were taken using 10 cm Rhizon soil moisture samplers 
(Eijkelkamp Agrisearch Equipment). The samplers for pore-water were permanently buried 
in the study site. Measurements of oxygen saturation and pH were made immediately aboard 
a boat using a CellOx 325 and a SenTix 21 sensor head connected to a WTW Multi 340i 
Multimeter respectively. Water samples were transported on ice to the laboratory where NH4
+ 
and PO4
3- were measured the same day colorimetrically according to Solorzano (1969) and 
Murphy & Riley (1962), respectively.
Statistics
Data were transformed prior to statistical analysis to ensure normal distribution (Sachs 
1984, Sokal & Rohlf 1995). Shrimp densities in the meadows were compared using t-test and 
opening states of N. acanthus burrows were tested using Chi2-test. Sediments grain-size frac-
tions (except grains from 1000 to 2000 µm) were analysed using One-way ANOVA followed 
by post-hoc Tukey’s-b test comparison. Water characteristics (pH, NH4
+ and PO4
3- concentra-
tions) were analysed using MANOVA, and significant differences were followed by One-way 
ANOVA and post-hoc Tukey’s-b test comparison. Oxygen data showed too much in-group 
variation to allow ANOVA, so a Kruskal-Wallis test was performed. A probability (p) < 0.05 
was considered significant and data are shown as mean ± SE.
Results
Shrimp burrows
Neaxius acanthus burrow opening densities were significantly higher in the dense seagrass 
canopy meadow (1.84 ± 0.08 m-2) compared with the sparse seagrass canopy meadow (0.71 
± 0.03 m-2; t787 = 11.98, p < 0.001). The sparse meadow had significantly higher densities of 
Alpheus macellarius burrow openings (0.089 ± 0.032 m-2) compared with the dense meadow 
(0.027 ± 0.009 m-2; t787 = 3.27, p = 0.001). Monthly in situ observations on burrow openings 
of N. acanthus showed that of the 188 marked burrows none had changed its position after 
five months. The opening states of N. acanthus burrow openings were significantly different 
between the dense (open 61 ± 6%) and sparse (75 ± 4%) meadow (Chi^2 test, v1 = 19.77, 
p < 0.001). Sediment mounds on the burrow openings were observed in 22 ± 11% of the 
closed burrows in the dense and in 3 ± 2% in the sparse meadow. 
Sediment analysis showed a significant difference in organic content and grain size com-
position between undisturbed sediments and burrow linings, but it did not show differences 
in grain size composition and organic content with depth (0, 15 and 30 cm) in each of these 
structures. The organic content of the lining of N. acanthus burrows (16% of DW) was higher 
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Figure 5-2. Burrow morphology drawn from casts of (A) N. acanthus and (B) A. macellarius. The posi-
tion of accumulations of seagrass detritus is indicated in both side and top view.
Table 5-2. Burrow properties measured from the burrow casts for the different shrimp species. Burrow 
shafts diameter (cm), maximum burrow extension vertical and horizontal (cm), burrow surface area (m2) 
and burrow volume (L) were measured.
species shaft max. extension surface area volume
Ø
↔
↔
N. acanthus 1.5 43 54 0.151 1.35
1.6 63 65.5 0.142 1.18
165 51 37.5 0.143 1.29
1.75 39 71 0.127 1.21
1.8 53 55.5 0.311 4.08
A. macellarius 1.2 48 82 1.54
1.3 53 63 1.73
1.4 64 68 2.24
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compared to the organic content of the surrounding sediment (3% of DW) and consisted 
of fragments of multi-cellular plants (observed using light microscopy). The burrow linings 
showed a significantly higher proportion of small grain sizes (classes between 0 and 63 µm and 
63 and 125 µm) compared to the surrounding sediment (ANOVA F28,70 = 10.259, p <0.001; 
Fig. 5-1).
Drawings from the burrow casts were made and the burrow dimensions were measured 
(Fig. 5-2, Table 5-2). The single opening of the N. acanthus burrow was usually situated in a 
shallow funnel-shaped depression (Fig. 5-2A). A vertical shaft (diameter 1.7 ± 0.1 cm) ended 
in a large basal chamber (50 ± 4 cm depth). The basal chamber contained fragments of sea-
grass leaves. All burrow walls with an inclination of more than 45% were lined. Total burrow 
volume was 1.8 ± 0.6 x 103 cm3 and surface area 1.8 ± 0.3 x 103 cm2. Alpheus macellarius bur-
rows consisted of a large number of small chambers connected with tunnels and collections of 
fine shredded leaf material were found in the upper chambers (Fig. 5-2B). A small ramp was 
present in front of the opening (diameter 1.3 ± 0.1 cm). The shrimp used large coral fragments 
to give the chambers stability in the deeper parts (depth 55 ± 5 cm), since lining was absent. 
Burrow volume was 1.8 ± 0.2 x 103 cm3.
Seagrass collection
The hydrodynamical influx of seagrass material into N. acanthus burrows, measured us-
ing small PVC tubes, was 0.058 ± 0.008 g DW burrow-1 h-1. The active collection of seagrass 
litter by N. acanthus estimated from observations in the field was 0.080 ± 0.057 g DW bur-
row-1 h-1. It is assumed that the shrimp depended on vision for leaf collection and daily (24 h) 
leaf input into the burrows was calculated as 12 h hydrodynamical influx and 12 h collection. 
This resulted in a total daily collection and passive influx of seagrass material in N. acanthus 
burrows was 1.66 ± 0.77 g DW burrow-1 d-1. 
We observed no influence of water depth on the behaviour of A. macellarius and the 
activity was comparable during the whole time period of observations (7:00 to 12:15). The 
shrimp appeared 178 ± 9 times h-1 aboveground and only if the goby was present outside the 
burrow (‘at the look-out’). Burrow maintenance accounted for 81 ± 2% of the above ground 
activity of the shrimp, mainly to expel sediment (134 ± 8 occasions h-1). Foraging activities 
of Alpheus accounted for 19 ± 2% of the aboveground frequency. Cutting seagrass leaves was 
the major way to collect material (27 ± 3 occasions h-1) compared to detritus collection (1.1 ± 
0.3 occasions h-1). 72 ± 3% of the cutting attempts failed due to disturbance (mostly by fish). 
Visits to the meadow at night revealed that the shrimps were not active during night. Therefore 
the total daily activity was estimated assuming that the shrimp was only active during daylight 
(12 h). Alpheus macellarius collected 0.65 ± 0.11 g DW burrow-1 d-1 living seagrass leaves and 
0.049 ± 0.015 g DW burrow-1 d-1 seagrass litter. 
Combining burrow densities with the daily seagrass collection of the shrimps showed 
that N. acanthus and A. macellarius collected 3.09 and 0.02 g DW m-2 d-1 in the dense and 1.18 
and 0.06 g DW m-2 d-1 in the sparse meadow, respectively (Table 5-3). This compared with 
the leaf production (4.87 and 2.34 g DW m-2 d-1 in the dense and sparse meadow; Table 5-1), 
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Figure 5-3. Mean water characteristics (± SE) measured at different depths (in cm) in burrows of 
N. acanthus (grey dots), in the water column (white dots) and in sediment pore-water (black dots) for (A) 
NH4+ concentration (µmol L-1), (B) PO43- concentration (µmol L-1), (C) oxygen saturation, and (D) pH. 
Dotted line indicates sediment surface level.
Table 5-3. Mean estimated seagrass leaf collection by N. acanthus and A. macellarius per burrow 
(g DW d-1) and for the seagrass meadows (g DW m-2 d-1). Between brackets the percentage collection of the 
total seagrass leaf production is given. Estimations are based on 12h active collection per day.
seagrass leaf collection
burrow meadow canopy
species dense sparse
N. acanthus 1.66 3.09 (63.4) 1.18 (50.4)
A. macellarius 0.70 0.02 (0.4) 0.06 (2.7)
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revealed that collection of seagrass leaf material by N. acanthus corresponded to 63 and 50% of 
the daily leaf DW production in the dense and sparse meadow, while A. macellarius collection 
corresponded to 0.4% in the dense and 2.7% in the sparse meadow.
Water characteristics
Water characteristics in both meadows were comparable and pooled together. MANOVA 
revealed significant differences for pH, NH4
+ and PO4
3- concentrations between the water 
column, sediment pore-water and N. acanthus burrow chambers (Fig. 5-3). The PO43- con-
centration in the burrows (9.07 ± 1.66 µmol L-1) was much higher than measured in pore-
water (0.62 ± 0.12 µmol L-1) or water column (0.30 ± 0.05 µmol L-1; ANOVA F8,52 = 20.390, 
p <0.001). The NH4+ concentration in the burrows (7.98 ± 1.09 µmol L-1) was comparable 
to the values measured at 30 and 45 cm depth in the sediment (10.7 ± 2.3 µmol L-1), but sig-
nificantly higher compared with shallow depths (<15 cm; 1.68 ± 0.23 µmol L-1) and water 
column (0.88 ± 0.23 µmol L-1; ANOVA F8,51 = 6.818, p <0.001). Significant differences were 
measured for oxygen saturation (Kruskal-Wallis χ2 (2) = 33.95, p < 0.001) and pH (ANOVA 
F8,52 = 39.92, p < 0.001), and were highest in the water column (161.3 ± 7.6% and 8.58 ± 0.06), 
intermediate in the burrow water of N. acanthus (81.7 ± 10.7% and 8.19 ± 0.05) and lowest in 
pore-water (7.61 ± 0.01% and 7.61 ± 0.01, respectively).
Discussion
From this study it is concluded that the collection of seagrass material by both Neaxius 
acanthus and Alpheus macellarius is substantial: In the sparse and dense meadow they col-
lected 1.24 and 3.11 g DW m-2 d-1, respectively. Species have different methods to collect this 
material, collection of floating litter by N. acanthus versus active cutting of living leaves by 
A. macellarius. By storing seagrass material inside their burrows, shrimps prevent the export 
of this material from the seagrass systems, as shown before for oxypodid and sesarmid crabs in 
mangrove forests (Alongi & Christoffersen 1992, Lee 1995) and for thalassinidean shrimp in 
mud flats (Kinoshita et al. 2003). Once in the burrow both shrimp species shred the material 
into small pieces. Neaxius acanthus uses most of this material to create a distinct burrow lin-
ing to provide stability for the burrow. The collected material most likely decomposes in the 
burrows, whereby dissolved nutrients are regenerated and released in the burrow water and the 
pore-water. 
Neaxius acanthus and A. macellarius have different techniques for burrow maintenance 
and seagrass collection. Neaxius acanthus was never observed to venture out of the burrow 
and was always present in the burrow opening, both at day and night (personal observation). 
The shrimp collects all seagrass litter floating in the vicinity of the burrow opening. The leaf 
material is shredded by the shrimps using their chelae and maxillipeds (Kneer et al. in prep.), 
as observed for other burrowing shrimps (Dworschak et al. 2006). From laboratory studies it 
is known that N. acanthus reworks sediment inside the burrow by sorting sediment to increase 
compaction and using fine sediment and seagrass litter to produce a burrow lining (Kneer et al. 
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in prep.). The lining may provide a high stability of the burrow structure (Farrow 1971). None 
of the almost 200 marked burrow openings changed position over a 5 month period. The 
funnel shape around the opening is possibly the result of the removal of nearby seagrasses with 
the resulting open area being more prone to small scale erosion and in-caving into the burrow. 
The funnel structure of the Neaxius burrow opening may even enhance the catchments area of 
the burrow (Griffis & Suchanek 1991, Nickell & Atkinson 1995). 
The stability of A. macellarius burrows depended on large coral structures in the sedi-
ment which often form the roofs of the chambers (Karplus 1987, Palomar et al. 2005) and 
create an irregular structure. The opening consisted only of piled rubble fragments and dam-
aged easily. The shrimp has to leave the burrow to expel sediment and to cut and collect sea-
grass leaves, which was the main technique to collect seagrass material, as observed before by 
Stapel & Erftemeijer (2000). Alpheus macellarius was not active at night (personal observa-
tion) and their daily activity pattern is unclear. No difference in activity between 7:00 and 
12:15 were observed, while previous studies reported the highest activity during noon (Stapel 
& Erftemeijer 2000) or in the morning and afternoon (Palomar et al. 2004). The activity of 
the shrimp outside the burrow is assumed to depend on the presence of the goby at the open-
ing, which is directly related to the presence of predators, seagrass availability and burrow 
maintenance (Karplus 1987). Seagrass availability may be the reason that burrow openings of 
A. macellarius change position regularly as seagrass leaves and detritus in the direct vicinity 
declines caused by cutting or burying (personal observation). 
Difference in seagrass meadow preference for N. acanthus and A. macellarius, dense and 
sparse canopies respectively, may be induced by the seagrass collection methods. Floating sea-
grass litter is more abundant in dense meadows, while A. macellarius depends on visual guard-
ing of the goby (Karplus 1987), which is hampered in dense vegetations. The burrow densities 
of both shrimps were comparable with previous studies (Erftemeijer et al. 1993a, Palomar et al. 
2004), except for Alpheus densities found on the nearby island Barang Lompo (4 to 5 burrows 
m-2; Stapel & Erftemeijer 2000). Thalassinidean shrimp burrows, however, can be temporarily 
closed (Dworschak et al. 2006). For N. acanthus this resulted in an underestimation of about 
35% of the actual burrow density measured (average percentage of closed burrows observed).
The estimated leaf collection by A. macellarius of 0.65 ± 0.11 g DW burrow-1 d-1 found 
in this study was higher than the previously reported 0.19 g DW burrow-1 d-1 (Stapel & 
Erftemeijer 2000), mainly due to higher activity. Neaxius acanthus collected even more, 1.66 
g DW burrow-1 d-1 seagrass litter material. This collection of seagrass material by N. acanthus 
and A. macellarius is comparable with the consumption rate of well established invertebrate 
grazers like sea urchins (Tripneustes gratilla 0.43 to 1.1 g DW urchin-1 d-1; Koike et al. 1987; 
chapter 4). Overall the shrimps collected an amount of seagrass leaf material corresponding to 
53 to 63% of the leaf production (mainly by N. acanthus) in the studied meadows, indicating 
these small crustaceans have a considerable impact on seagrass ecosystems. This is more than 
the herbivory rate of the sea urchin T. gratilla (around 25%; Klumpp et al.; 1993, chapter 4). 
The influence of A. macellarius was small in these meadows (0.4 to 2.7%). However, in other 
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meadows with higher densities, as found on Barang Lompo (4 to 5 burrows m-2; Stapel & 
Erftemeijer 2000), their influence may be substantial and can be comparable to the impact of 
N. acanthus measured in our study.
The high nutrient demand of leaves, short leaf lifespan and low nutrient resorption from 
senescent leaves (Hemminga et al. 1999) implies a high nutrient loss for the seagrasses associ-
ated with the loss of leaves and leaf fragments. Hydrodynamical forces, like waves and currents 
often have a strong influence on shallow seagrass meadows (Koch et al. 2006), potentially stim-
ulating export of detached leaf material. Collection of leaf material by the burrowing shrimps 
N. acanthus and A. macellarius implies that more than 50% of the seagrass leaf production 
that is otherwise potentially carried away in the water column is stored in their burrows and 
is no longer available for export. So burrowing shrimps provide an important pathway in the 
nutrient cycling of tropical meadows, which may be of considerable importance especially in 
oligotrophic offshore seagrass meadows.
Stable isotope analyses provide evidence that the predominant food source for the studied 
shrimps is based on seagrass material (Palomar et al. 2004; Abed-Navandi & Dworschak 2005; 
chapter 6), as shown before for other burrowing shrimps (Boon et al. 1997). The shrimps may 
consume this material directly, as observed by Dworschak et al. (2006), or they may feed on the 
microbial community present on the decomposing litter in the burrow (Griffis & Suchanek 
1991, Kinoshita et al. 2003, Koller et al. 2006). Thalassinidean shrimps need about 0.42 mg 
protein (their most important nutrient) g shrimp-1 d-1 for their maintenance (Abed-Navandi et 
al. 2005). Shrimp biomass in the dense and sparse meadow was 8.3 and 2.8 g shrimp m-2 (Kneer 
unpubl. data) resulting in a protein demand of 3.49 and 1.18 mg protein m-2 d-1, respectively. 
This represents only a fraction of the total amount of proteins from the seagrass material they 
collect in the burrows. It is therefore assumed that most of the seagrass material supports a 
well-developed decomposer community in the burrows.
Fast decomposition in the burrow is indicated by the high concentrations of dissolved 
PO4
3- in the burrow water, which requires a high production rate, because PO4
3- is efficiently 
absorbed by carbonate sediments (de Kanel & Morse 1978, D’Elia & Wiebe 1990). Since there 
is oxygen in the burrows and shredding of the material by the shrimps will stimulate decompo-
sition (Harrison 1989), it is assumed that the decomposition rate (k) of seagrass material in the 
burrow is in the range of aboveground rates measured for these species (k range 0.022 to 0.070 
d-1; Stapel et al. 2001, chapter 8). Dividing the seagrass collection rates by the decomposition 
rate of leaves, the total seagrass detritus biomass in the burrows is estimated to be 25 to 75 g 
DW burrow-1 for N. acanthus and 10 to 30 g DW burrow-1 for A. macellarius. This is much 
higher than the amount of detritus material needed for consumption (cf. Dworschak et al. 
2006). The collected seagrass material in the burrows of A. macellarius is assumed to become 
largely buried in the sediment. Neaxius acanthus mainly used seagrass material to create lining 
material and no large accumulations were found in the burrow. The amount of lining material 
which can be made by N. acanthus from the estimated seagrass biomass in the burrow is calcu-
lated to verify this estimation. Assuming that half of the burrow has lining and all seagrass ma-
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terial is used, the lining thickness was calculated to range from 4 to 12 mm. This is comparable 
to the range of 2 to 10 mm thickness observed in the field and indicates our estimated seagrass 
collection rate represents realistic values. 
The intermediate oxygen saturation levels and pH values in the burrows of N. acanthus 
compared with the water column (which was higher) and the pore-water (lower), indicates 
water exchange between the water column and burrow. This bio-irrigation results in an influx 
of oxygen-rich water into the burrow, but also creates an efflux of water (Stanzel & Finelli 2004, 
Atkinson & Taylor 2005, Meysman et al. 2006). The efflux water contains dissolved nutrients 
(Webb & Eyre 2004) regenerated from the seagrass detritus through decomposition. Since the 
burrows have one exit and are situated in sandy sediment this efflux is both to the water col-
umn (Atkinson & Taylor 2005) and to the pore-water (Meysman et al. 2006). Bio-irrigation 
by thalassinidean shrimps can be important for the exchange between sediment and water 
column, since this enhances the total pore-water exchange rates up to 5-fold compared to un-
inhabited sediments (Webb & Eyre 2004).
Thalassinindean shrimps are considered ecosystem engineers (Berkenbusch & Rowden 
2003), because of the degree of involvement of thalassinidean shrimps by burrow structures 
in transport processes at the sediment-water interface. Therefore thalassinidean shrimps fulfil 
most of the criteria defined for eco-engineers by Jones et al. (1994). Siebert & Branch (2006) 
found competing behaviour of the eco-engineers Zostera capensis and Callianassa kraussi in 
Z. capensis beds in South Africa. Callianassa kraussi mainly is repelling seagrass plants by bio-
turbation and burial, and thus creates a new environment. On the other hand a strong develop-
ment of seagrass has negative effects on sand prawns. In contrast to C. kraussi which is feeding 
on particulate detrital material, the thalassinidean shrimps in our study are dependent on sea-
grasses and probably promote seagrass production by improving nutrient recycling. They are 
part of the system, and they are ecosystem engineers within the seagrass bed, where they create 
new structures, which are inhabited by many other species, such as nematodes and foraminifers 
(Koller et al. 2006), but also bivalves, amphipods, polychaetes and even gobies (Kneer et al. 
in press), which all depend on seagrass detritus. Therefore different eco-engineers within one 
community may not only compete with each other, but can also be dependent on each other. 
It is concluded that different seagrass meadows can have a different burrowing crustacean 
species composition, but in general they provide the same important role in seagrass meadows. 
By collecting seagrass leaf/litter material (corresponding to more than 50% of the biomass 
production), burrowing shrimps may to a large extent prevent the export of organic material 
from seagrass meadows. This material decomposes in the burrow and the regenerated nutrients 
are released as dissolved (in)organic compounds into the burrow water and pore-water were 
they become available again for uptake by seagrass roots. Due to bio-irrigation part of these 
nutrients are likely released in the water column where they may be taken up by seagrass leaves. 
Especially in nutrient-poor seagrass meadows, as occurring in tropical offshore areas, burrow-
ing seagrass collecting shrimps may tighten the pathway of nutrient cycling between seagrass 
production and decomposition and are thereby contributing to the prolonged persistence of 
seagrass meadows in these environments.
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Abstract
Fauna species living in seagrass meadows depend on different food sources, with seagrasses 
often being not important for higher trophic levels. To determine the food web of a mixed-species 
tropical seagrass meadow in Sulawesi, Indonesia, we analyzed the stable isotope (δ13C and δ15N) 
signatures of primary producers, particulate organic matter (POM) and fauna species. In addi-
tion invertebrates, both infauna and macrobenthic, and fish densities were counted to identify 
the important species in the meadow. The aims of this study were to compare isotopic signatures of 
different primary producers, to identify the main food sources of fauna species, and to estimate the 
importance of seagrass material in the food web. Phytoplankton and water column POM were the 
most depleted primary food sources for δ13C (range -23.1 to -19.6‰), but no fauna species depen-
ded only on these sources for carbon. Epiphytes and Sargassum sp. had intermediate δ13C values 
(-14.2 to -11.9‰). Sea urchins, gastropods and certain fish species were the main species assim-
ilating this material. Seagrasses and sedimentary POM had the least depleted values (-11.5 to 
-5.7‰). Between the five seagrass species significant differences in δ13C were measured. The small 
species Halophila ovalis and Halodule uninervis were most depleted, the largest species Enhalus 
acoroides was least depleted, while Thalassia hemprichii and Cymodocea rotundata had inter-
mediate values. 14 fauna species, accounting for ~10% of the total fauna density, were shown 
to assimilate dominantly (> 50%) seagrass material, either directly or indirectly by feeding on 
seagrass consumers. These species ranged from amphipods up to the benthic top predator Taeniura 
lymma. Besides these species, about half of the fauna species analyzed (total 55 species) had δ13C 
values higher than the least depleted non seagrass source, indicating they depended at least partly 
for their food on seagrass material. This study shows that seagrass material is consumed by a large 
number of fauna species and is important for a large portion of the food web in tropical seagrass 
meadows.
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Introduction
Stable isotope analyses are widely used for the identification of food sources assimilated, 
since consumer species have an isotopic signature reflecting their diet (Hobson 1999, Vander 
Zanden & Rasmussen 1999, Smit 2001). Stable isotopes reflect the assimilation of organic 
matter into tissue of he consumer and provide an average of the diet over periods of weeks to 
months (Gearing 1991). This in contrast to conventional techniques such as visual sensus and 
gut content analysis, which only indicates the food items consumed, but do not reflect the ac-
tual assimilation by consumers (Gearing 1991, Polis & Strong 1996). A prerequisite for using 
stable isotopes at natural abundance levels as tracers for food source is that there should be sig-
nificant differences in δ-values between potential food sources (Vander Zanden & Rasmussen 
1999). In seagrass meadows different groups of producers have distinct δ13C ratios (Smit et 
al. 2005, Benstead et al. 2006) with seagrasses often the least depleted 13C primary producer 
(Hemminga & Mateo 1996, Smit 2001). Potential food sources for primary consumers are 
seagrasses, detritus, epiphytes, phytoplankton and benthic micro- and macroalgae (Lepoint 
et al. 2000, Smit et al. 2005, 2006). In areas without upwelling or river discharge, and low 
nutrient concentrations in the water column, food webs seem to rely on benthic and epiphytic 
primary production as the ultimate source of dietary carbon (Moncreiff & Sullivan 2001, Smit 
et al. 2006). 
Dugong, green turtle and water fowl have historically been identified as seagrass 
grazers (Heck & Valentine 2006), but their numbers have largely declined. During the last 
two decades, most food web analyses in seagrass meadows showed that assimilation of seagrass 
material was minimal (Fry 1984, Kitting et al. 1984, Dauby 1989, Yamamuro 1999, Lepoint 
et al. 2000, Moncreiff & Sullivan 2001, Vizzini et al. 2002, Smit et al. 2005, 2006), but see 
(Kharlamenko et al. 2001). This is in contrast to observations of intake of seagrass by a large 
number of fauna species (150 reviewed in McRoy & Helfferich 1980), and grazing experiments 
which show that grazers can consume large amounts of aboveground seagrass biomass (Heck 
& Valentine 2006). Low assimilation and high excretion of seagrass material by fauna species 
is mostly used to explain this paradigm (Mateo et al. 2006). However, most seagrass food web 
analyses have been performed in higher latitudes, characterized by lower direct grazing com-
pared to tropical areas (Heck & Valentine 2006). All year round tropical seagrasses have a high 
leaf production and fast turnover (Vermaat et al. 1995, Stapel et al. 2001). This combined with 
a lower fibre concentration (Klumpp et al. 1989), indicates they have a higher palatability for 
grazers compared to temperate seagrasses (Cebrián & Duarte 1998). The palatability of tropi-
cal seagrasses is even in the range of macroalgae species (Hay 1984). Therefore we hypothesize 
that the contribution of seagrass material to the food webs of tropical offshore meadows may 
be substantial.
This study is one of a few assessing the food web of tropical seagrasses in the Indo-Pacific 
(Yamamuro 1999, Benstead et al. 2006), and the first in an offshore mixed-species meadow, 
using stable isotopes to analyse the importance of fast growing seagrass species in the food 
web. The aims of this study were (1) to compare isotopic signatures of the seagrass species, 
other primary producers and particulate organic matter (POM), (2) to identify the main food 
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sources for different fauna species and (3) to estimate the importance of seagrass material to the 
food web in a tropical offshore mixed-species seagrass meadow. We determined fauna densities 
(fish, epifauna and infauna) in a mixed-species meadow and created a multiple stable-isotope 
food web of the meadow using δ13C and δ15N signatures of the most important fauna species, 
primary producers and POM.
Materials and methods
Site description
The experiments were carried out in the Spermonde Archipelago, Indonesia. The archi-
pelago (200 km long, 40 km wide) consists of a large group of coral islands and submerged 
reefs on the continental shelf along the west coast of South Sulawesi (see Stapel et al. 2001, for 
details). For the research locations we chose Bone Batang (5°01’00” S; 119°19’30” E; Fig. 1-1). 
This uninhabited island is located ~15 km off the coast and 30 km from the shelf edge, indi-
cating a low influence of river discharge or upwelling from the deep Makassar Strait and limited 
direct anthropogenic sources. The island consisted of an inter-tidal sandbank surrounded by a 
reef flat and barrier reef on the wave exposed sites. The reef flat consisted of coarse carbonate 
sand and coral rubble, comparable to the nearby island Barang Lompo (93-100% CaCO3; 
Erftemeijer & Middelburg 1993) and was mainly covered by different densities of macrophyte 
vegetation (cover 0 – 80%).
Macrophyte and fauna densities
An extensive multi-species seagrass meadow of about 10 ha, most subtidal, covered the 
reef flat on the central and east side. The habitat structure of the seagrass meadows consisted of 
a mixed stand of Thalassia hemprichii, Halodule uninervis, and Cymodocea rotundata. Enhalus 
acoroides was found in small patches, while Halophila ovalis occurred in low densities. Macro-
algae species (mainly Sargassum sp.) were restricted to the few places with hard substrate (coral 
lumps) in the seagrass meadow. Average epiphyte coverage of the seagrasses was less than 25% 
(mainly on the older leaves).
Six permanent transects were pegged out in the meadow. The transects with marking 
poles on the corners were perpendicular to the edge of the meadow, 15 m long and 1 m wide, 
and started 2 m from the edge of the seagrass meadow. Measurements were executed in or near 
these permanent transects from October 2004 until November 2005, with a concentration of 
activities in the period from May to July 2005. We counted the seagrass shoot densities in a 
randomly placed 10 x 10 cm plot in each of the 15 quadrats of 1 m2 for all permanent transects. 
This was repeated five times during one year (total 450 observations). Seagrass biomass per 
shoot was determined in 20 cores (16 cm diameter) up to 20 cm depth. All seagrass material 
was washed out, sorted by species, divided into leaf, rhizome, and root, rinsed with demin-
eralised water and dried at 70 °C for 48 h. Biomass per shoot was multiplied by the counted 
densities to determine seagrass biomass in the meadow.
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Fauna densities were counted in the meadow using cores, transects and visual census 
techniques. Between May and July 2005 infauna samples were taken from the sediment in the 
meadow using a core sampler (16 cm diameter) drilled 20 cm into the sediment (n = 24). The 
core was washed out over a 1 mm sieve and fauna species were collected. The remaining sedi-
ment was washed over a 0.125 mm sieve. Colouring with Rose Bengal showed that meiofauna 
(range 0.125 to 1 mm) densities were very low, probably due to the coarse grained structure 
(~75% grain size >0.125 mm; chapter 5) and low organic content of the sediment (Coull 
1999). Densities of macrobenthic invertebrates living (partly) aboveground were determined 
in the permanent transects. The transects were divided into 15 quadrats of 1 m2 and all visual 
macrobenthic invertebrates (>1 cm) were counted at 11 occasions between October 2004 
and November 2005. Average densities were calculated. At 5 occasions the sizes of the fauna 
species were also measured. Fish community structure was established through visual census 
using SCUBA, snorkelling and a stationary point-count method (Polunin & Roberts 1993). 
18 areas of 5 m diameter were surveyed during 10 minutes each at four occasions between 
April and July 2005. All fish species within or passing through the area were counted, their 
length was estimated and we took care not counting fishes moving regularly in and out of the 
area more than once. Fauna species observed and collected were identified up to species level 
when possible. Other taxonomic units (family, order) were used when identification up to 
species level was not possible. 
Food web
Sample collection took place in June and July 2005 (dry season). We collected the 
main primary producers present in the meadows, consisting of the 5 seagrass species, epi-
phytes, Sargassum sp. and phytoplankton. Epiphytes were scraped from seagrass leaves and 
the seagrasses were divided by plant parts (leaf, sheath, root and rhizome). Organic matter was 
collected from both the sediment and water column. Using small cores (6 cm diameter) sedi-
ment samples were collected up to 20 cm depth. All living seagrass and fauna were removed. 
Sedimentary particulate organic matter (sPOM) was extracted from the sediment using a 
gentle water flow (elutriation). The material was collected on two screens stacked op top of 
each other (1 mm and 0.125 mm). Particulate organic matter from the water column (wPOM) 
was collected by filtering several litres of seawater over Whatman GF/C glass fibre filters. This 
material contained some phytoplankton. Additional phytoplankton samples were collected at 
one occasion during a short bloom in June.
We were not able to include all fauna species in the food web for practical reasons. There-
fore we selected invertebrate and fish species based on observed abundance and their presumed 
role in the seagrass meadow based on literature. We took care to include all fauna species and 
representatives of functional groups assumed to be important in the food web of the meadow. 
Species were collected both during day and night to minimize the change of missing impor-
tant groups. Large bivalves, echinoderms, gastropods and the crustaceans Neaxius acanthus, 
Dardanus sp. and Alpheus sp. were collected separately. Copepods were caught from amongst 
floating material. Zooplankton and amphipods were collected at night using fine mesh (0.3 
mm) nets and small light traps respectively. All pelagic fauna species were caught using a beach 
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seine net (mesh size 1.8 cm). For the night active crustaceans we took samples of the two most 
abundant groups, Penaeus and Portunes species. Fish species were selected from the total num-
ber of species caught (49) to represent all feeding guilds and most abundant species. Data and 
references from Fishbase (Froese & Pauly 2005) combined with results from stable isotope 
analysis in this study were used to classify the species into feeding guilds.
In total 31 fish species, 25 invertebrates, 8 primary producers, sPOM and wPOM were 
analysed for isotopic signature. We took muscle tissue sample from the fish species and soft 
tissue from invertebrates wherever possible. All material was rinsed with demineralised water, 
oven dried at 70oC for 48h, ground, and sub samples for the measurement of carbon were 
decalcified by adding HCl, if necessary. Three separate samples per species were analyzed for 
carbon and nitrogen stable isotope composition with a Carlo Erba NA 1500 elemental ana-
lyzer coupled online via a Finnigan Conflo III interface with a ThermoFinnigan DeltaPlus 
mass-spectrometer. Carbon and nitrogen isotope ratios are expressed in the δ-notation (δ13C 
and δ15N) relative to Vienna PDB and atmospheric N2. Average reproducibility based on rep-
licate measurements for δ13C and δ15N were about 0.15‰. 
Statistics
Differences in δ13C values between plant parts, seagrass species leaves, and different food 
sources in the meadow were tested using ANOVA and post-hoc Tukey’s-b test (SPSS 14.0). 
Seagrass biomass and fauna density data are presented as mean ± SE; C, N and δ-values are 
given as mean ± SD.
Results
Macrophyte and fauna densities
The seagrass density was about 3000 shoots m-2 (Table 6-1). The largest part of the sea-
grass biomass was belowground (rhizomes and roots), while the aboveground (leaf ) biomass 
accounted for 15% of the total. The large species Thalassia hemprichii accounted for about half 
of the biomass while the tiny Halodule uninervis made up more than half of the shoot density. 
Epiphytes were most abundant on older Enhalus acoroides leaves, and occurred in low densi-
ties on the dominant seagrass species. The macroalgae Sargassum sp. had low densities in the 
seagrass meadow, but was abundant on the reef flat. 
The meadow had faunal densities of 942 individuals m-2. Polychaetes (35%), bivalves 
(27%) and sipunculids (25%) accounting for the largest part of the total fauna density. Including 
Nynantheae (4.7%), most of these species were small and lived inside the sediment. Crustaceans 
(5.1%) and echinoderms (2.5%) were the main groups of invertebrate species living (partly) 
on top of the sediment, including the large bivalves Atrina vexillum, Pinna muricata, P. bicolor, 
Malleus albus, Isognomon pernum and Modiolus micropterus (Table 6-2A). 
Fish density represented 0.5% of the total fauna density in the meadow, but their siz-
es were larger compared to most invertebrates. Fish species representing the highest densi-
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ties in the seagrass meadow were large schools of small juvenile Atherinomorus lacunosus and 
Clupidae, the herbivorous species Calotomus spinidens, Leptoscarus vaigiensis, the omnivorous 
species Siganus canaliculatus, and the zoobenthivorous species Cheilio inermis, Gerres oyena, 
Pomacentrus adelus and Stethojulis strigiventer (Table 6-2B). 
Food web
Between the seagrass species we measured significant differences in leaf δ13C (ANOVA: 
F4,10 = 63.49, p < 0.001). Enhalus acoroides had the least depleted values (in terms of 13C 
content), the small species H. uninervis and Halophila ovalis were most depleted, while 
T. hemprichii and Cymodocea rotundata had intermediate values (Table 6-3). The different 
plant parts per species had different δ13C signatures with leaf material more depleted compared 
to belowground parts. Leaf δ15N of C. rotundata was significant lower compared to the other 
seagrass leaves (ANOVA: F4,10 = 33.34, p < 0.001), but no pattern in δ15N differences between 
plant parts was observed.
The primary food sources had significantly different δ13C (ANOVA: F10,22 = 228.33, 
p < 0.001) and δ15N (ANOVA: F10,22 = 31.20, p < 0.001) signatures (Table 6-3). Based on δ13C 
signatures we distinguished three main groups (Fig. 6-1): (A) the most depleted sources; phyto-
plankton and wPOM (range -23.1 to -19.6‰), (B) the intermediate sources; epiphytes and 
the macroalgae Sargassum sp. (-14.2 to -11.9‰), and (C) the least depleted sources; seagrasses 
and sPOM (C; -11.5 to -5.7‰). The δ15N values varied from 2.1‰ for C. rotundata leaves to 
6.3‰ for wPOM, without a clear pattern between the groups. 
For fauna species the δ13C range was large for both invertebrates (-16.8 to -5.1‰) 
and fishes (-17.0 to -7.4‰; Table 6-2). The δ15N values of fauna species ranged from 3.2‰ 
(Sipunculids) to 11.5‰ (Sphyraena barracuda). Overall the δ15N range of invertebrates (3.2 
to 8.1‰) was low compared to fishes (6.0 to 11.5‰), except for the squid Loligo duvauceli 
(10.1‰) and the fish Amblygobius sp. (3.8‰).
Table 6-1. Seagrass meadow specifications (mean ± SE). The shoot density (# m-2) were counted in 10 
x 10 cm quadrants (n = 450) and was multiplied by the mean biomass per shoot (n = 20) to determine 
standing seagrass biomass (g DW m-2).
density biomass
species shoot leaf rhizome root
T. hemprichii 702 ± 40 38 ± 2 271 ± 15 76 ± 4
C. rotundata 629 ± 43 17 ± 2 42 ± 3 27 ± 2
H. uninervis 1801 ± 117 24 ± 2 106 ± 7 43 ± 3
Total 3130 ± 116 82 ± 4 419 ± 13 146 ± 4
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Discussion
The seagrass shoot density and biomass of the studied meadows were comparable with 
other tropical meadows (Nienhuis et al. 1989, Erftemeijer 1994, Vermaat et al. 1995). The 
macro invertebrate densities differed from other meadows in Indonesia, analysed by Nienhuis 
et al. (1989). Especially the densities of Porifera and Holothuroidae were small in our 
studied meadow. The latter may be caused by selective fishing by local fishermen for sea cucum-
bers, which increased considerably during the last decade. The top predators encountered in 
the studied meadow were comparable to other tropical meadows (Benstead et al. 2006) and 
included Carcharhinus limbatus, Tylosurus crocodilus crocodilus, Taeniura lymma, Sphyraena 
barracuda and Loligo duvauceli. 
Table 6-3. Mean (± SD) primary food sources δ13C, δ15N, C and N concentration and C:N-ratio in the 
seagrass meadow (n = 3). Significant differences between food sources (excluding seagrass sheath, rhizome 
and root) for δ13C (ANOVA: F10,22 = 228.33, p < 0.001) and δ15N (ANOVA: F10,22 = 31.20, p < 0.001) 
are denoted (post-hoc Tukey’s-b test).
Food source Code δ13C δ15N % C % N C:N-ratio
plant part
E. acoroides leaf Ea -7.1 ± 0.2f 3.4 ± 0.2bcd 30.3 ± 0.6 2.30 ± 0.11 13.2 ± 0.8
sheath -7.2 ± 0.1 2.9 ± 0.6 28.0 ± 2.7 0.56 ± 0.21 55.3 ± 21.3
rhizome -6.3 ± 0.1 2.3 ± 0.1 33.6 ± 5.9 0.43 ± 0.04 86.5 ± 20.8
root -5.9 ± 0.3 4.7 ± 0.2 29.8 ± 3.2 0.54 ± 0.11 56.0 ± 7.7
T. hemprichii leaf Th -9.2 ± 0.2e 4.0 ± 0.3d 30.2 ± 2.8 2.04 ± 0.42 15.1 ± 2.0
sheath -8.8 ± 0.2 3.6 ± 0.3 18.9 ± 2.5 0.47 ± 0.05 40.1 ± 6.5
rhizome -7.7 ± 0.8 3.7 ± 0.3 33.7 ± 1.8 0.62 ± 0.08 54.6 ± 4.7
root -7.6 ± 0.1 3.4 ± 0.5 33.7 ± 1.8 0.62 ± 0.08 54.6 ± 4.7
C. rotundata leaf Cr -9.8 ± 0.1de 2.1 ± 0.1a 31.3 ± 0.4 1.92 ± 0.02 16.3 ± 0.1
sheath -8.7 ± 0.1 2.4 ± 0.5 29.8 ± 2.8 0.75 ± 0.13 40.2 ± 3.6
rhizome -9.3 ± 0.2 0.9 ± 0.6 32.9 ± 3.0 0.71 ± 0.06 46.4 ± 1.7
root -8.9 ± 0.8 2.7 ± 1.0 30.6 ± 5.8 0.81 ± 0.07 38.2 ± 7.7
H. uninervis leaf Hu -10.7 ± 0.2d 4.0 ± 0.4d 29.5 ± 3.4 1.86 ± 0.08 15.8 ± 1.6
sheath -9.4 ± 0.3 2.6 ± 0.8 19.7 ± 0.4 0.70 ± 0.08 28.2 ± 2.2
rhizome -9.7 ± 0.9 2.9 ± 0.2 26.4 ± 5.7 0.79 ± 0.09 33.6 ± 7.2
root -8.9 ± 0.4 3.4 ± 0.2 24.9 ± 2.4 0.87 ± 0.01 28.8 ± 3.1
H. ovalis whole plant Ho -10.9 ± 0.6d 3.9 ± 0.1cd 22.2 ± 1.2 0.63 ± 0.19 37.1 ± 8.2
sPOM >1 mm sPOM -8.7 ± 0.4e 3.3 ± 0.7bcd 30.6 ± 2.8 1.42 ± 0.04 21.7 ± 2.4
sPOM <1mm sPOM -8.7 ± 0.3e 2.7 ± 0.4ab 24.4 ± 2.3 1.15 ± 0.15 21.3 ± 1.8
Sargassum sp. Sas -13.6 ± 0.2c 3.1 ± 0.1bcd 23.9 ± 1.6 1.01 ± 0.06 23.8 ± 2.7
Epiphytes Epi -12.9 ± 1.2c 3.1 ± 0.3bc 22.7 ± 5.0 1.46 ± 0.10 15.5 ± 2.3
Phytoplankton Phy -20.8 ± 1.1b 3.3 ± 0.4bcd 6.0 ± 0.9 0.92 ± 0.08 6.5 ± 0.4
wPOM wPOM -22.7 ± 0.5a 6.3 ± 0.3e 3.8 ± 0.6 0.17 ± 0.01 19.0 ± 2.0
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The seagrass leaf material δ13C values (-11.5 to -6.9‰) were in the range of previous 
studies (Hemminga & Mateo 1996, Jones et al. 2003). In addition, this study shows for the 
first time that seagrass species of different sizes collected from the same meadow have signifi-
cant different in δ13C values. The smallest species Halodule uninervis and Halophila ovalis were 
most depleted, followed by Cymodocea rotundata and Thalassia hemprichii, while the largest 
species Enhalus acoroides was least depleted. Belowground parts showed the same trend. The 
13C enrichment of leaf material of larger species may be caused by the increased total lancu-
nal area and internal pool of inorganic carbon and decreased surface:volume ratio reducing 
discrimination against 13C (Abel & Drew 1989, Grice et al. 1996). However, more study is 
needed to determine the exact mechanism resulting in the differences in δ13C-values between 
co-occurring seagrass species.
In this study we distinguished between three food sources of primary producers and 
organic matter based on significant differences in δ13C signatures: phytoplankton and wPOM, 
epiphytes and Sargassum sp., and seagrasses and sPOM as different sources (Fig. 6-1). Phy-
toplankton and wPOM δ13C values were in the range of other studies (Lepoint et al. 2000, 
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Figure 6-1. Stable isotope values of organisms in the seagrass meadow. Mean values are given in the figure, 
corresponding standard deviations and full names of the abbreviations are shown in Table 6-2 and 6-3. 
Three significant different primary sources for the food web are marked. Dotted area marks species assimi-
lating material originating dominantly from seagrasses.
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Moncreiff & Sullivan 2001, Vizzini et al. 2002). The comparable values of phytoplankton and 
wPOM suggest that planktonic microalgae made up a substantial part of the wPOM (Lepoint 
et al. 2000). Epiphytes and Sargassum sp. were depleted in 13C relative to seagrasses. Compar-
ing the δ13C values of sPOM with those of primary producers identified seagrass material as 
the main contributor to sPOM, as concluded in other seagrass meadows (Vizzini et al. 2002, 
Jones et al. 2003, Smit et al. 2006). The large difference in δ13C measured between wPOM and 
sPOM, indicated that resuspension of sPOM was negligible at the time of collection (Bouillon 
et al. 2000, Jones et al. 2003). 
Benthic producers (seagrasses, epiphytes and Sargassum sp.), phytoplankton and sPOM 
had comparable δ15N values. In contrast to δ13C, the δ15N values of seagrass leaf tissue and 
other primary producers is affected by the source of inorganic nitrogen and not by ecophysi-
ological differences between species (Tewfik et al. 2005). This may have induced the higher 
average δ15N value for wPOM (6.3‰) compared the other primary sources. The average δ15N 
value of seagrasses (3.11‰) indicate neither a high anthropogenic input, for which values 
of ~8‰ are indicative (Grice et al. 1996), nor nitrogen fixation by cyanobacteria, for which 
values of ~0‰ are indicative (Yamamuro 1999), as a dominant source. The δ15N values vary 
between groups of primary producers without a clear pattern and the 15N-enrichment of fauna 
species is variable compared to their food source (Vanderklift & Ponsard 2003). This indicates 
that only general patterns can be drawn based on δ15N values.
Fauna living in seagrass meadow may obtain part of their food from neighbouring eco-
systems, which may not all be included in our analysis. Studies performed in bays with dif-
ferent habitat at close distance have demonstrated that species present in seagrass meadows 
also use different habitats like mangroves and coral reefs as feeding habitat (e.g. Lugendo et 
al. 2006, Verweij et al. 2006). Our seagrass meadow was located on an offshore island and 
~15 km from the nearest mangroves, indicating this linkage would be small or non-existing. 
Drift algae were only encountered at the start of the rainy season (around December; personal 
observations) and were not an available food source during this study. A coral reef surrounds 
the island and fish species living on the reef may migrate to the seagrass meadow to collect 
food (Verweij et al. 2006). On the reef flat surrounding the seagrass meadow the macroalgae 
Sargassum sp. was a dominant primary producer, which included in the food web analysis. On 
the sediment microphytobenthos may be an important food source ranging from 13 to 23 mg 
Chl-a m-2 in these meadows (Erftemeijer 1994), but this was not analysed in this study. The 
range of δ13C for microphytobenthos (-14 to -20‰; Cook et al. 2004) indicate that this food 
source is equally or more depleted compared to epiphytes and macroalgae.
Food sources can be assigned to consumers relying on the premise that δ13C measured 
in consumers increase by up to +1‰ compared to their food (Fry 1984, Smit 2001). We 
first identify the main organisms depending on the different primary food sources based on 
this correlation between consumers and their diet. No organisms depending only on phyto-
plankton or wPOM for carbon source were detected in this study. Zooplankton (-16.7‰) 
and the zooplanktivorous fish Clupeidae (-16.9‰) were the most depleted fauna species col-
lected, but still about 5‰ less depleted than wPOM and phytoplankton (-21‰). Together 
with abundant filter feeders, like Atrina vexillum and Modiolus micropterus, they have δ13C 
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values indicating the use of both planktonic and benthic food sources (Tewfik et al. 2005). The 
signature of planktonic sources, however, may vary largely over time (Bouillon et al. 2000) and 
may be more important than estimated in this study.
A large group of fauna species in this seagrass meadow have δ13C signatures comparable 
to epiphytes and the macroalgae Sargassum. Since the abundance of Sargassum was low com-
pared to epiphytes, we identify epiphytes as an important food source in the food web of this 
meadow, as shown in previous studied seagrass meadows (Fry 1984, Kitting et al. 1984, Dauby 
1989, Yamamuro 1999, Lepoint et al. 2000, Moncreiff & Sullivan 2001, Vizzini et al. 2002, 
Smit et al. 2005, 2006). The epiphyte signature could be identified over the whole food web, 
ranging from invertebrate grazers up to top predators. The main macro-invertebrate grazers 
depending on epiphytes were sea urchins (Mespilia globulus, Diadema setosum and Tripneustes 
gratilla) and gastropods (Aplysia sp.). Comparable species were found to consume epiphytes in 
Caribbean meadows (Tewfik et al. 2005). The isotopic signature of T. gratilla reflects assimila-
tion of mainly the epiphyte material growing on the seagrass leaves, but they may assimilate 
some seagrass material, as shown for other sea urchins (Tewfik et al. 2005). This may explain 
their enriched signature compared to M. globulus, a small species specialized of scraping only 
the epiphytes from leaves. The only fish species depending mainly on epiphyte grazing was 
Siganus doliatus. Other fish species, like S. canaliculatus, Arothron manilensis and Acreichthys 
tomentosus, may depend on epiphytes (omnivorous fish; Wu 1994), either directly as part of 
their diet or indirectly through benthic invertebrates that feed on epiphytes. The higher δ15N 
value of the latter species indicates they feed (partly) on higher trophic levels compared to 
S. doliatus. 
In the studied meadow a large number of fauna species depended on seagrass material. The 
crustaceans Neaxius acanthus, Alpheus sp., copepods, and amphipods, the holothurid Synapta 
maculate and the herbivorous fish Calotomus spinidens, Leptoscarus vaigiensis, Hemiramphus far 
and Amblygobius sp. had δ13C values comparable to seagrass material and sPOM (consisted 
largely of seagrass detritus). Using the mixed model (Phillips & Gregg 2001) to calculate the 
different potential contribution of seagrasses compared to epiphytes and macroalgae revealed 
that these fauna species dominantly (>50%) assimilated material originating from seagrasses. 
The large number of fauna species assimilating mainly seagrass carbon in this meadow is in con-
trast to other meadows where this was absent (Smit et al. 2005) or exclusive to some gastropods 
(Smit et al. 2006), Palaemonidae species (Vizzini et al. 2002) or Holothuria spp. (Lepoint et 
al. 2000). In totally, around 10% (101 individuals m-2) of the counted fauna density (994 indi-
viduals m-2) had δ13C signatures comparable or higher than seagrasses and sPOM, indicating 
these invertebrates assimilated dominantly these materials. These fauna species also included 
higher trophic levels; the zoobenthivorous fish Gerres oyena and Pardachirus pavoninus, the 
omnivorous fish Gymnothorax richardsoni and the benthic top predator (Taeniura lymma). 
Seagrass material can be incorporated directly by herbivores or omnivores, via detritus 
by detrivores or indirectly via predation on the former species. Small crustaceans, like amphi-
pods, copepods and isopods, are an important group of grazers on seagrasses (Boström & 
Mattila 1999, Kharlamenko et al. 2001).These crustaceans incorporate seagrass carbon in their 
tissue, and form an important part of the diets for fish species present in the seagrass meadow 
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(Lugendo et al. 2006, Unsworth et al. 2007b). Fish species, like G. oyena and P. pavoninus are 
thus indirectly depending on seagrass carbon. Predation on detrivorous invertebrates (partly) 
incorporating seagrass carbon, like sipunculids and holothurids, also result in a seagrass carbon 
signature in the food web. Besides the species dominantly depending on seagrass as carbon 
source, there are many fauna species part-dependent on seagrass carbon. Comparing the stable 
isotope values of the fauna species with the primary food sources showed that about half of 
all analyzed fauna species had δ13C values higher than the least depleted non seagrass source 
(epiphytes), indicating these species depend at least for a part of their food on seagrasses (e.g. 
Benstead et al. 2006). These species included most of the crustaceans, and half of the fish species 
and echinoderms. This part-dependence on seagrass material as food source has been shown 
before, but for a limited number of species (six) in Zostera marina meadows (Kharlamenko 
et al. 2001). In this tropical meadow even Sphyraena barracuda, the piscivorous top-predator 
(Lugendo et al. 2006), depended partly on carbon originating from seagrasses.
The difference in importance of seagrass material for fauna species between this tropi-
cal Indo-Pacific meadow and other meadows can be caused by the relative high palatability 
of these tropical seagrass species (Cebrián & Duarte 1998). The C:N-ratio, which may be 
taken as a measure for the nutritional value, is comparable for the fast-growing seagrasses and 
epiphytes in this meadow, while for most non-tropical meadows the C:N-ratio of seagrass is 
much higher compared to epiphytes (Lepoint et al. 2000, Moncreiff & Sullivan 2001). The tiny 
species H. ovalis, assumed to be the most palatable seagrass, had a high C:N-ratio, although 
of the whole plant, compared to the leaf material of the other seagrasses, indicating that the 
C:N-ratio may not always be the best indication for nutritional value. The low fibre content 
(Klumpp et al. 1989) and relative high carbohydrate concentration (Dawes & Lawrence 1980) 
of the tropical seagrass species may also contribute to their importance in the food web of the 
meadow.
In this food web study we showed that phytoplankton and water column POM were 
the most depleted primary food sources for δ13C, but no fauna species depended exclusively 
on these sources for carbon. Epiphytes and Sargassum sp. had intermediate δ13C values and 
sea urchins, gastropods, and certain fish species were the main species assimilating this mate-
rial. Seagrasses and sedimentary POM had the least depleted values. Between the five seagrass 
species significant differences in δ13C were measured, but we could not identify the impor-
tance of the individual seagrass species in the food web. Seagrass was a dominant carbon source 
for 10% of the fauna density, while about half of the fauna species analyzed (total 55 species) 
had δ13C values higher than the least depleted non seagrass source, indicating they depended at 
least partly for their food on seagrass material. Combining the number of fish and invertebrate 
species directly using seagrass material and secondary consumers depending on them, with the 
densities and presumed role of these species, we feel the need to redefine the importance of sea-
grass material for the food web in tropical Indo-Pacific meadows. Instead of being marginally 
important, with our food web analysis we show qualitatively that the more palatable material 
of tropical seagrasses is incorporated into a wide variety of organisms in these seagrass domi-
nated ecosystem, ranging from tiny invertebrates (amphipods) up to the benthic top predator 
(T. lymma).
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Abstract 
We examined the ability of seagrasses to take up dissolved organic nitrogen (DON) with leaves 
(in situ) and roots (laboratory) in an oligotrophic tropical offshore meadow in Indonesia using 
15N-labelled nitrogen (N) substrates. We compared the uptake of urea and amino acids with that 
of ammonium (NH4+) and nitrate (NO3-), and determined uptake kinetics of amino acids for the 
seagrasses Thalassia hemprichii, Halodule uninervis, and Cymodocea rotundata, in compari-
son with the macroalgae Sargassum sp. and Padina sp. Uptake rates of small DON substrates for 
macroalgae were higher than those for seagrass leaves for all N substrates, but the seagrass roots also 
had a considerable uptake capacity. Seagrass leaves preferred urea, NH4+, and NO3- over amino 
acids and there were differences between species. Seagrass roots, however, took up amino acids at 
rates comparable to NH4+, while uptake rates of urea and NO3- were much lower. The ability to 
take up DON enables seagrasses and macroalgae to short-cut N cycling and gives them access to 
additional N resources. In oligotrophic environments, uptake of amino acids by roots may provide 
seagrasses with a competitive advantage over macroalgae.
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Introduction
Seagrasses, like all other plants, need nitrogen (N) to maintain their high productivity. 
In contrast to many terrestrial plants, resorption of N from senescing leaves in seagrasses is 
low and loss due to leaf detachment is high (Stapel & Hemminga 1997, Romero et al. 2006). 
Because seagrasses flourish in oligotrophic areas, it seems paradoxical that they can collect 
sufficient N to survive. It is well established that seagrasses take up N by both leaves and roots 
in amounts depending on the relative availability in the sediment and in the water column 
(Stapel et al. 1996a, Lee & Dunton 1999). The majority of the research on N uptake by sea-
grass leaves and roots has focussed on uptake of ammonium (NH4
+) and nitrate (NO3
-; Stapel 
et al. 1996, Romero et al. 2006). As concentrations of these inorganic N sources are generally 
low in seagrass habitats (Lee & Dunton 1999, McGlathery et al. 2001), this raises the question 
if other important N sources exist.
Recent insights indicate that dissolved organic nitrogen (DON) pool contains a “dough-
nut” fraction composed of relatively labile compounds such as amino acids and urea, with 
a relatively high turnover (Bronk et al. 2007). Dissolved amino acids and urea are released 
during decomposition of organic material. Besides, urea is also produced by animal excretion 
(Bronk 2002) and often present in run-off from agricultural fields to coastal waters (Glibert 
et al. 2006). Particularly in oligotrophic environments, where most N is available in the dis-
solved organic form (Bronk 2002, Bronk et al. 2007), small DON molecules could serve as 
potentially important N substrates for seagrasses. Whereas it is clear that certain groups of 
organisms such as e.g. phytoplankton may obtain substantial part of their N-nutrition from 
this DON fraction (Bronk et al. 2007), it remains largely unknown whether seagrasses can do 
the same.
Recent studies have demonstrated that N present in phytodetritus from plankton 
trapped within the sediment can be rapidly taken up by seagrass plants (Evrard et al. 2005, 
Barrón et al. 2006). These in situ labelling experiments did however not reveal whether N was 
taken up in the dissolved inorganic form (DIN) after complete mineralization or as dissolved 
organic nitrogen. Various terrestrial plants (Chapin et al. 1993, Persson & Nasholm 2001), 
and micro- and macroalgae (Probyn & Chapman 1982, Linares & Sundback 2006) are able to 
utilize DON. One might therefore pose the question whether seagrasses may be able to take 
up small organic N molecules, like amino acids and urea. Until now, only Halophila ovalis has 
been shown to grow on amino acids, but not on urea, at 1.7 m mol L-1 in cultures (Bird et al. 
1998). If seagrasses species could utilize small dissolved organic N molecules, this could be 
highly advantageous for their N supply, especially in oligotrophic environments. We hypoth-
esize that seagrasses can take up small molecules of DON both by leaves and roots, and used 
15N-labelled substrates to test this hypothesis. 
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Materials and methods
Site description
All in situ experiments and collection of material was performed in a seagrass meadow 
on the island Bone Batang, Sulawesi, Indonesia (Fig. 1-1). This uninhabited island (5°01’ S; 
119°19’30” E) is located ~15 km offshore in the Spermonde Archipelago, 2 km north of 
Barang Lompo (see Stapel et al. 1996 for area details). The island has a large reef flat with coarse 
carbonate sediment, comparable to Barang Lompo (93-100%; Erftemeijer & Middelburg 
1993) and is covered by meadows of the seagrasses Thalassia hemprichii, Halodule uninervis, 
and Cymodocea rotundata and the macroalgae Sargassum sp. and Padina sp. 
Water sampling
Pore-water samplers (Rhizon 10 cm soil moisture sampler, Eijkelkamp Agrisearch Equip-
ment) were placed in a frame at 6 cm depth intervals. Tubing was added to be able to extract 
pore-water from the samplers, without disturbing the sediment. The frame was inserted in 
the seagrass meadow with the depths of pore-water samplers at 1.5, 7.5, and 13.5 cm. A hard 
PVC tube (5 cm length) was placed over the closed sampling tubes to prevent damage and 
growth of algae. Five frames were placed in the meadow in May 2004 and sampling occur-
red in November 2005. Pore-water was sampled by adjusting a syringe to the tube in which 
a vacuum was applied. After discarding the first 5 mL we collected 40 mL sample. The water 
column was sampled at each pore-water location by deploying rhizon soil samplers at 10 cm 
above the sediment. The collected water samples were filtered, frozen, and transported to the 
Netherlands for automated colorimetric analysis of urea, NH4
+, NO3
-, and NO2
- (Middelburg 
& Nieuwenhuize 2000).
Uptake by aboveground tissue
In November 2005, uptake rates of NH4
+, NO3
-, urea, and amino acids were measured 
for the aboveground parts of three seagrass species, Thalassia hemprichii, Halodule uninervis, 
and Cymodocea rotundata, and two macroalgae Sargassum sp. and Padina sp. for comparison. 
Uptake of different dissolved N substrates by aboveground tissue was measured in situ at ~1 m 
depth during daytime (09:00 to 14:00 h). We used four 15N labelled sources: NH4
+, NO3
-, urea 
(Cambridge Isotope Laboratories NLM-233), and a mixture of 16 algal amino acids (Cam-
bridge Isotope Laboratories NLM-2161; see Middelburg & Nieuwenhuize 2000, Veuger et al. 
2004). The initial concentration for all N substrates was 10 µmol L-1, and, in addition, for the 
amino acids initial concentrations of 1, 2, and 5 µmol L-1 were also examined. The 15N label 
was added to filtered seawater (Whatman GF/C) collected offshore shortly before the incuba-
tions, which were performed in triplets.
We incubated Sargassum sp. and Padina sp. by placing 5 cm long pieces of thalli in small 
plastic bag and adding 60 mL seawater containing the 15N-labelled substrate. The bags were 
closed and placed underwater. The seagrass leaf incubations were performed in 60 mL plas-
tic bags, placed over intact plants in the field. A notched rubber membrane (25 mm diam-
100
Chapter 7 DON uptake by seagrasses
101
eter, 4 mm thick) was attached around the base of seagrass shoots (1 shoot for T. hemprichii, 
2 for C. rotundata, and 3 for H. uninervis to have comparable amounts of leaf material). The 
notch was closed using plasticide and a 12 cm long plastic bag was sealed around the mem-
brane with cable ties enclosing the shoots to create a leaf compartment. All water was removed 
from the leaf compartment through a small tube in the rubber membrane using a syringe. 
Directly afterwards we injected 60 mL seawater with 15N-labelled source through the tube into 
the compartment.
After 1 h incubation, the seawater with 15N-label was removed. Seagrass leaves were 
directly separated from the shoots and washed in seawater to remove adsorbed label. Epiphytes 
were removed from the incubated material using a scraper blade and aboveground material was 
rinsed with demineralised water. Belowground material of the incubated seagrasses was har-
vested using small cores (6 cm diameter, 15 cm depth). The material was sorted in the labora-
tory and rinsed with demineralised water. All plant material was oven dried at 70°C for 48 h 
and dry weight (DW) was measured.
Uptake by belowground tissue
Incubations with seagrass roots were performed in the laboratory. Seagrass cores 
(diameter 18 cm) up to 20 cm depth were collected in the field. Complete seagrass shoots were 
carefully washed out of the cores to minimize damage to the roots and to remove all detritus. 
Leaf epiphytes were removed using scraper blades. We divided the plants into single shoots 
with roots and about 3 cm horizontal rhizome. The plants were kept in seawater over night. 
The same number of shoots per seagrass species and concentrations of N substrates were used 
as for the aboveground uptake experiments. The belowground seagrass parts were placed in a 
small bag containing 80 mL filtered seawater with the 15N-labelled substrate and a small tube 
receiving bubbling air was placed in the bag for circulation. The seagrass leaves were wrapped 
in wet tissue without contact to the incubation medium, to prevent drying out and uptake 
through the leaves. After 1 h incubation we cut the leaves from the belowground parts, washed 
all material in seawater and rinsed with demineralised water. The belowground parts were then 
divided into roots and rhizomes and dried.
Analyses
N contents and at. % 15N of dried plants were determined with a Fisons NA 1500 elemental 
analyser coupled to a Finnigan Delta S mass spectrometer via a Conflo II interface (Middelburg 
& Nieuwenhuize 2000). Background δ15N composition was measured in three replicate sam-
ples for all species, parts, and experiments. 15N-enrichment was calculated by subtracting the 
background from the incubated values. Uptake rates (in µmol N source g DW-1 h-1) were esti-
mated from 15N-enrichment, incubation time and weight of the incubated material. Total 
15N-enrichment in plant material was corrected for the amount of µmol N (µmol N source)-1: 
1 for NH4
+ and NO3
-, 2 for urea, and 1.39 for amino acids. For seagrasses it was assumed that 
rhizome uptake was negligible relative to root uptake (Stapel et al. 1996a). We therefore calcu-
lated the uptake rates normalized to root biomass. Transport of 15N from the incubated plant 
part to the non-incubated plant parts, i.e. the roots and rhizomes during leaf incubations and 
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vice versa, was estimated for seagrasses. For all incubations the depletion of the substrate in the 
incubation medium was determined by comparing the total amount of 15N added with the 
total amount of 15N recovered in the plants after incubation. 
Statistics
Differences between species and N sources were tested using Two-way Analysis of Vari-
ance (Sokal & Rohlf 1995). Significant effects were followed by Univariate Analysis of Variance 
and post-hoc Tukey’s-b test. Before ANOVA, uptake rates (µmol N source g DW-1 h-1) were 
square-root transformed to ensure equality of error variances (Levene’s test). Uptake kinetics 
of amino acids was analysed assuming Michealis-Menten models using non linear regression 
to estimate half saturation constant (Km) and maximum uptake rates (Vmax). All analyses were 
performed in SPSS 14.0.
Results
Concentrations of inorganic N and urea were low (≤1 µmol L-1) in both the water col-
umn and pore-waters in the seagrass meadow (Table 7-1). NO3
- concentrations were highest in 
the water column, while NO2
- concentrations were negligible. NH4
+ and urea had comparable 
concentrations in the water column and pore-water. Pore-water concentrations of urea were 
comparable to total inorganic N-concentrations. 
Our results clearly show that all macrophyte species studied were able to take up dissol-
ved amino acids and urea with their aboveground tissues (Fig. 7-1A) as well with their roots 
(Fig. 7-1B; seagrasses only). For the aboveground tissues, the uptake rates for macrophyte spe-
cies and N sources were significantly different (ANOVA F12,40 = 12.03, p < 0.001). Uptake 
rates were different per N substrate and were overall highest for NH4
+, followed by NO3
-, urea, 
and amino acids (ANOVA F3,40 = 222.8, p < 0.001). Comparing uptake rates for the different 
macrophyte species revealed that Sargassum sp. had for all N substrates the highest uptake rates 
followed by Padina sp., Thalassia hemprichii and Cymodocea rotundata, and Halodule uninervis 
(ANOVA F4,40 = 116.4, p < 0.001). Comparing N sources for each species showed that uptake 
rates of NH4
+ and NO3
- were significantly higher compared to urea, while amino acids had 
the lowest uptake rates for Sargassum sp. (ANOVA F3,8 = 66.10, p < 0.001) and Padina sp. 
(ANOVA F3,8 = 64.45, p < 0.001). The leaf uptake rates for C. rotundata followed the same 
Table 7-1. Mean (± SD) concentrations (µmol L-1) of N sources measured in the water column and pore-
water at different depths (in cm) in the seagrass meadow (n = 5). 
depth NH4
+ NO3
- NO2
- Urea
Water column 0.67 ± 0.26 0.51 ± 0.19 0.03 ± 0.01 0.99 ± 0.29
Pore-water 1.5 0.55 ± 0.09 0.33 ± 0.12 0.00 ± 0.01 0.80 ± 0.12
7.5 0.44 ± 0.07 0.31 ± 0.16 0.00 ± 0.01 0.84 ± 0.09
10.5 0.66 ± 0.19 0.32 ± 0.20 0.01 ± 0.01 1.01 ± 0.38
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order but were significantly different for all N substrates (ANOVA F3,8 = 43.69, p < 0.001). 
The leaf uptake rates of H. uninervis were significantly lower for amino acids and higher for 
NH4
+ (ANOVA F3,8 = 101.3, p < 0.001), while T. hemprichii only had significantly higher up-
take rates for NH4
+ compared to the other N substrates (ANOVA F3,8 = 33.50, p < 0.001). 
Uptake rates of seagrass roots differed between species and N sources (ANOVA 
F6,24 = 3.705, p = 0.010) and showed a remarkably high uptake rate for amino acids (Fig. 7-1B). 
That is, the root uptake rates for amino acids were comparable to those of NH4
+ and significantly 
higher than those for urea and NO3
- (ANOVA F3,24 = 135.5, p < 0.001). This preference was 
strongest for H. uninervis (ANOVA F3,8 = 51.96, p < 0.001) and C. rotundata (ANOVA 
F3,8 = 56.10, p < 0.001), and relatively weak for T. hemprichii (ANOVA F3,8 = 40.45, p < 0.001). 
Overall, roots of H. uninervis had the highest uptake rates, followed by T. hemprichii and 
then C. rotundata (ANOVA F2,24 = 26.05, p < 0.001). Comparing the three different sea-
grass species per N source showed that for most N sources H. uninervis had the highest, 
C. rotundata the lowest and T. hemprichii intermediate root uptake rates (Fig. 7-1B).
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Figure 7-1. Mean (A) aboveground and (B) root uptake rates (µmol g DW-1 h-1) at 10 µmol L-1 of the dif-
ferent N sources for the macrophyte species (+ SD). Significant differences between macrophyte species per 
N source are denoted (ANOVA and post-hoc Tukey’s-b test; aboveground NH4+ F4,10 = 27.97, NO3- 
F4,10 = 54.47, urea F4,10 = 35.50, and amino acids F4,10 = 10.22; root NH4+ F2,6 = 23.25, NO3- F2,6 = 5.348, 
and urea F2,6 = 11.15, respectively; all p < 0.05; n = 3).
104
Chapter 7 DON uptake by seagrasses
105
U
p
ta
ke
 r
at
e 
(µ
m
ol
 a
m
in
o 
ac
id
s 
g 
D
W
-1
h-
1 )
0.0
0.3
0.6
0.9
1.2
T. hemprichii
H. uninervis
C. rotundata
0.0
0.3
0.6
0.9
1.2
Padina sp.
Sargassum sp.
Amino acids (µmol L-1)
0 2 4 6 8 10
0.0
0.3
0.6
0.9
1.2
A
B
C
Figure 7-2. Amino acids uptake rates for (A) macroalgae thalli (solid line Padina sp.; dotted line Sargassum 
sp.), (B) seagrass leaves, and (C) seagrass roots (solid line T. hemprichii; dotted line H. uninervis; dashed 
line C. rotundata, respectively).
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Table 7-2. Uptake kinetics parameters for amino acids. Maximum uptake rate Vmax (µmol N source 
g DW-1 h-1) and half saturation constant Km (µmol L-1 N source) were derived from non linear regression 
of the data using the Michaelis-Menten equation (± SE). For data not displaying saturation kinetics, lin-
ear regression equations are given (V = amino acids uptake rate, S = substrate concentration in µmol L-1). 
Coefficient of determination (r2) and the affinity for amino acids uptake at low concentrations (Vmax:Km; 
Healey 1980) are given as well.
Km Vmax Vmax:Km r2
Leaf
T. hemprichii V = 0.043 S 0.90
H. uninervis 4.55 ± 2.39 0.20 ± 0.05 0.044 0.79
C. rotundata 10.5 ± 8.24 0.42 ± 0.20 0.040 0.74
Thalli 
Sargassum sp. 8.05 ± 7.94 1.19 ± 0.64 0.148 0.66
Padina sp. 7.01 ± 3.72 0.69 ± 0.19 0.098 0.85
Root
T. hemprichii 6.41 ± 5.80 0.87 ± 0.40 0.136 0.63
H. uninervis 9.98 ± 6.00 1.82 ± 0.64 0.182 0.85
C. rotundata 3.50 ± 2.86 0.57 ± 0.19 0.163 0.54
Table 7-3. Mean depletion (%) of N sources during 1 h uptake experiments (± SD). Initial concentration 
of the N sources (µmol L-1) are given (n = 3).
NH4
+ NO3
- Urea Amino acids
Leaf/Thalli 10 10 10 10 5 2 1
T. hemprichii 36.2 ± 1.4 7.4 ± 5.6 9.7 ± 0.9 6.0 ± 0.2 4.4 ± 1.1 4.7 ± 0.4 2.6 ± 1.0
H. uninervis 22.5 ± 4.5 4.7 ± 1.0 5.0 ± 2.0 1.9 ± 0.1 4.0 ± 1.1 4.5 ± 1.8 3.8 ± 0.3
C. rotundata 29.3 ± 3.2 21.5 ± 7.5 11.5 ± 6.7 2.9 ± 0.6 2.2 ± 0.9 5.7 ± 1.7 7.9 ± 3.5
Sargassum sp. 50.8 ± 2.7 36.6 ± 9.5 27.0 ± 7.4 9.1 ± 4.5 15.8 ± 5.0 9.0 ± 1.9 3.6 ± 0.1
Padina sp. 45.0 ± 10.9 42.6 ± 6.4 19.9 ± 8.3 4.1 ± 0.7 11.2 ± 3.0 6.9 ± 3.1 4.3 ± 0.6
Root
T. hemprichii 6.4 ± 0.7 0.5 ± 0.2 0.4 ± 0.2 3.0 ± 1.8 5.8 ± 2.2 4.4 ± 3.0 6.2 ± 3.0
H. uninervis 8.5 ± 1.6 0.8 ± 0.2 0.7 ± 0.2 6.5 ± 2.2 8.2 ± 3.5 8.5 ± 3.4 8.7 ± 3.1
C. rotundata 4.2 ± 1.1 0.5 ± 0.4 0.3 ± 0.1 2.5 ± 0.3 9.0 ± 4.6 4.8 ± 1.7 5.9 ± 1.3
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Uptake kinetics of amino acids followed Michaelis-Menten kinetics in most cases, except 
for T. hemprichii leaves, where the uptake rates increased linearly in the concentration range 
used (1 to 10 µmol L-1; Fig 7-2, Table 7-2). Seagrass roots had the highest uptake affinity for 
amino acids (i.e., highest Vmax:Km ratio), followed by macro algal thalli. Amino acid uptake 
affinity of seagrass leaves was much lower than that of macroalgae. Amino acid uptake rates of 
seagrass roots were overall comparable or higher compared to leaves at all concentrations.
At the end of the leaf uptake experiment, a negligible amount (<1%) of the total 15N-
label in the seagrass was recovered from the belowground parts. Conversely, there was substan-
tial transfer of 15N from roots to leaves. Nitrate taken up by roots was in particular transported 
from roots to leaves, with 15% of the total NO3
- taken up by the roots allocated to the leaves 
for T. hemprichii, 8% for H. uninervis, and 20% for C. rotundata respectively. In the last two 
species, urea (4 and 21%) and amino acids (2 and 8% respectively) were also transferred from 
roots to leaves. The depletion of the N substrates during uptake experiments ranged from 0.3 
to 51% (Table 7-3), with most depletion occurring for macroalgae because of their high uptake 
rates. Almost no depletion was calculated for NO3
- and urea uptake by the seagrass roots. 
Discussion
The experiments presented here demonstrate that small dissolved organic N molecules 
have the potential to contribute significantly to the overall N demand of the studied tropical 
seagrasses and macroalgae. All three seagrasses, Thalassia hemprichii, Halodule uninervis, and 
Cymodocea rotundata, could take up both urea and amino acids. The ability of macroalgae to 
take up DON has been shown before (Probyn & Chapman 1982, Phillips & Hurd 2004, Tyler 
et al. 2005) and we confirm this ability for tropical species of the genera Sargassum and Padina. 
To our knowledge, this is the first study showing the ability of seagrasses to take up organic 
N substrates in situ and at concentration levels approaching those in nature. Leaves preferred 
urea and inorganic N sources over amino acids. Roots took up amino acids at comparable rates 
to NH4
+, while uptake rates for urea and NO3
- were much lower.
The pool of natural dissolved free amino acids consists of many compounds (Middelburg 
& Nieuwenhuize 2000, Veuger et al. 2004) and therefore a mixture of 16 was used. Natural 
DON consists of an even more complex mixture of compounds, such as proteins, oligopep-
tides, purines, nucleic acids, and humic substances. Usually <20% of the DON pool can be 
identified, including urea and free amino acids, while up to 70% is potentially bio available 
(Seitzinger et al. 2002, Stepanauskas et al. 2002). The uptake kinetics of amino acids by the 
macrophytes showed most often saturation uptake kinetics, in agreement with earlier observa-
tions for macroalgae (Tyler et al. 2005). 
Seagrass leaf uptake was measured using intact plants in the field. Translocation of 15N 
out of the collected and analysed materials may therefore lead to an underestimation of the 
uptake. However, we consider the export of 15N from the incubated shoots outside the collec-
ted area due to translocation negligible for two reasons. First, the measured concentration of 
label in the belowground parts of the seagrass plants after 1 h incubation was very low (1% 
106
Chapter 7 DON uptake by seagrasses
107
of the total 15N) compared to leaves. Second, Marbà et al. (2006) showed that the maximum 
translocation rate of nutrients between seagrass ramets is less than 1 cm h-1 (80 cm over a time 
span of 4 days). Our incubations lasted only 1 h and the sediment cores from which the root 
and rhizome material was collected had a radius of 3 cm, indicating translocation out of the 
collected area is highly unlikely.
A useful estimation of a species’ competitive uptake ability for nutrients is the 
comparison of uptake at low concentrations (Healey 1980, Harrison et al. 1989). Comparing 
uptake rates of the different N substrates at 10 µmol L-1 showed that the macroalgae Sargassum 
had, overall, the highest uptake rates for all N sources studied (NH4
+, NO3
-, urea, and amino 
acids). Uptake rates of the different N sources for the macroalgae Padina were comparable or 
higher compared to leaf uptake rates of seagrass species. These findings correspond with the 
main body of studies showing that N uptake rates are generally higher for macroalgae than 
seagrasses (Phillips & Hurd 2004, Romero et al. 2006). 
The relative importance of DIN and DON for the N demand of macrophytes depends on 
their availability and the preferences of the macrophytes. Both N pools are generally elevated 
in sediment relative to the water column (Burdige & Zheng 1998, McGlathery et al. 2001). In 
Florida Keys, DIN concentrations of NO2
- + NO3
- (0.33-0.94 µmol L-1) and NH4
+ (1.6-3.4 
µmol L-1) were comparable to our study, while total DON concentrations were much higher 
(31-81 µmol L-1; Boyer et al. 1999). The same pattern was observed in pore-water concentra-
tions in seagrass carbonate-sediments were DON comprised 50-75% of the total dissolved 
N pool (McGlathery et al. 2001). Despite higher concentrations in pore-water, root and leaf 
uptake of DIN for seagrasses is often found to be about the same (Stapel et al. 1996a, Lee & 
Dunton 1999). In the studied meadow, total DIN concentration was comparable to urea in 
the water column. Although the leaf uptake rate for urea is lower, the N content is double and 
overall the importance of DIN and urea as N source for leaf uptake may be comparable for 
seagrasses. The comparable uptake rates of NH4
+ and amino acids by roots combined with the 
high DON pool in the sediment indicates that organic N uptake may be more important than 
NH4
+.
Pore-water NO3
- concentration are often much lower compared to NH4
+ in seagrass 
carbonate sediments (Erftemeijer & Middelburg 1993, McGlathery et al. 2001), but only small 
differences were measured in this study. Urea concentrations in the sediment were comparable 
to total dissolved inorganic N-concentrations and contain twice the amount of N. Urea is 
produced by bacteria or macro fauna in the sediment and can thus be a significant component 
(Burdige & Zheng 1998, Glibert et al. 2006). However, uptake of urea and NO3
- by roots was 
low. Since the low uptake rates of NO3
- and urea are not caused by the low availability in sedi-
ments, processing these N sources may introduce problems for the roots. Processing urea and 
NO3
- requires energy (Roth & Pregnall 1988, Tyler et al. 2005), which may restrict the use by 
roots compared to leaves. Our experimental setup for measuring root uptake limited photo-
synthesis by the leaves, which may have inflicted the low uptake capacity of the roots. The rela-
tive high translocation of these sources to the leaves may also indicate the lack of processing 
capacity in the belowground parts. The low uptake rates of urea and NO3
- by roots suggest that 
these N sources are less important in the sediment of this meadow.
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N uptake rates by the roots of seagrasses show that they prefer amino acids in addition 
to NH4
+. Both N species are released through decomposition of organic material. The turn-
over of amino acids by microbial activity can be very high in soils, marine surface waters, and 
sediments with half lives varying from minutes to hours (Veuger et al. 2004, Jones et al. 2005). 
Seagrass roots therefore have to compete with microbes for uptake, making high affinities 
understandable (high Vmax:Km). Part of the DON uptake by roots in natural sediments can 
be facilitated by microbes in the rhizosphere ( Jones et al. 2005). Washing of sediment of the 
roots before the uptake experiments resulted in a removal of a large part of the rhizosphere 
and minimized the effects of uptake through root associated bacteria. Direct uptake of amino 
acids by seagrass roots may explain the fast uptake of N derived from particulate organic matter 
by seagrass roots found in previous studies (Evrard et al. 2005, Barrón et al. 2006). Seagrass 
roots had the highest competitive ability for amino acids, followed by macroalgae thalli, while 
seagrass leaves had the lowest values. This suggests that amino acids uptake by roots is more 
important compared to leaf uptake for seagrasses.
In oligotrophic environments where production is often limited by available N, DON 
forms the largest pool of fixed N (Bronk et al. 2007). The high concentration of DON com-
pared to DIN indicates that if seagrass species are able to take up organic N sources, as shown 
here, DON may in fact present an important N source for such seagrass species. In the studied 
meadow, total DIN concentration was comparable to urea in the water column. Although the 
leaf uptake rate for urea is lower, the N content is double and overall the importance of DIN 
and urea as N source for leaf uptake may be comparable for seagrasses. The comparable uptake 
rates of NH4
+ and amino acids by roots combined with the high DON pool in the sediment 
indicates that organic N uptake may be more important than NH4
+. The ability of seagrasses 
to take up DON enables them to directly access dissolved organic nitrogen: i.e., the N recy-
cling pathway is short-cut because no mineralization step is involved. DON uptake provides 
seagrasses with an efficient mechanism to sustain high productivity in an environment de-
pleted in inorganic nutrients. 
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Abstract
The input of exogenous nitrogen (N) onto litter of the seagrasses Thalassia hemprichii, Halodule 
uninervis and Cymodocea rotundata during decomposition and the uptake of N released from 
this litter by the surrounding seagrass community was examined simultaneous using 15N-enriched 
seagrass leaf material (δ15N ~500) placed in litterbags in seagrass meadows. The biomass decom-
position rates (k) for these tropical seagrasses were high (0.023-0.070 d-1). Litter N-concentration 
declined during decomposition, indicating an overall release of N during decomposition. Besides 
release of litter N there was an input of non-litter N, indicated by a decline of δ15N values. This 
exogenous N made up an important part of litter N, consisting of around 25% of the total standing 
stock litter N. The increased δ15N values of the surrounding seagrass community were used to cal-
culate the uptake of N released from the macrophyte litter. The seagrass community efficiently took 
up the released N. The thickness (aboveground biomass) of the seagrass meadow played a role in 
the uptake efficiency of N released from litter, increasing the N retention in these tropical meadows. 
The high litter decomposition rates, substantial input of exogenous N onto litter and efficient up-
take of N released from litter suggest that N cycling outside the living plant but within the meadow 
via the detrital pathway, is important to retain N in these nutrient-poor tropical meadows, despite 
the open and highly dynamic shallow coastal environments, from which an easy export of leaf litter 
would be expected.
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Introduction
Tropical offshore seagrass meadows are often characterized by clear water and carbonate 
sediments. These often shallow coastal environments are nutrient-poor, but at the same time 
maintain a high year-round primary production (Erftemeijer & Middelburg 1995, Vermaat 
et al. 1995). The leaves account for 70% of the total production of tropical seagrass meadows 
(Vermaat et al. 1995). This combined with the relative high nutrient content of leaves com-
pared to other plant parts, identifies leaves the main nutrient sink in these seagrass meadows. 
The leaf life-span is short for most tropical seagrass species (median of 50 days) and resorption 
of nitrogen from the leaves of these species before detachment accounts for only 10% of the leaf 
N content (Hemminga et al. 1999). Consequently, a high loss of N is associated with the de-
tachment of leaves and leaf fragments from the living plant, which may easily be exported from 
the meadow due to the open and highly dynamic conditions of the coastal environment.
However, export of litter from offshore nutrient-poor meadows due to current and tide 
is estimated to be around 10% (Stapel et al. 1996b). Direct grazing results in loss of 15 to 
50% of the leaf production, but most times does not exceed 25% (Cebrián 1999). Accumula-
tion of decomposing seagrass within the meadow and along the shore or on the outer reef flat 
does not occur (Lindeboom & Sandee 1989, Nienhuis et al. 1989). Erftemeijer et al. (1993b), 
furthermore, showed that autotrophic and heterotrophic processes in these meadows were in 
balance. The combination of high leaf productivity and low inorganic nutrient concentrations, 
and high litter production without noticeable accumulation of organic material in the system, 
limited export and herbivory of organic material and a balance between production and con-
sumption, indicate high decomposition rates and a tight coupling between decomposition 
and (re)assimilation. These observations identify leaf fall as the most important process by 
which seagrasses lose N, comparable to approximately 50% of the demand for leaf production 
(chapter 2).
The N demand of these seagrass systems therefore seems to be met by an efficient process 
of trapping, uptake and recycling (Hemminga et al. 1991, Erftemeijer & Middelburg 1995). 
Uptake of N released from litter by the seagrass leaves may dependent on the density and the 
size of the meadow (Stapel et al. 2001). N recycling can be accomplished through rapid in situ 
decomposition of seagrass litter within the seagrass beds (Fenchel et al. 1998) and subsequent 
uptake of released N by the leaves (Stapel et al. 2001), identifying decomposition rates of sea-
grass litter as important fluxes in the nutrient cycling of seagrass meadows (Mateo & Romero 
1996). During decomposition, input of exogenous N from water column sources or by micro-
bial colonization can result in substantial changes in the N content of detritus (White 1994, 
Tremblay & Benner 2006), which may affect the decomposition rate and N cycling. 
Stable nitrogen isotope (15N) enrichment of seagrass material allows us to study and 
quantify in situ processes involving N at the scale of the plant or the community (Robinson 
2001). At seagrass community level, 15N-tracer experiments have been performed to study the 
role of benthic vegetation as sinks of N inputs (Lepoint et al. 2004) or the retention efficiency 
of N in seagrass ecosystems (Stapel et al. 2001, Evrard et al. 2005, Barrón et al. 2006). 
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In this study 15N-enriched leaf litter was used in litterbags in seagrass meadows: (1) to 
measure decomposition rates, (2) to distinguish between the decline of original litter-N and 
the input of other N sources which were defined as exogenous N, and (3) to measure uptake by 
the seagrass community of N released from the litter. Considering the lack of detritus accumu-
lation and low export rate, we hypothesised that there is a tight coupling between the release 
and re-assimilation of N from seagrass litter and that this coupling is more efficient in seagrass 
meadows with higher above ground biomass. The experiments were therefore executed in two 
adjacent seagrass systems with different aboveground biomass and comparable hydrologic 
regime and nutrient availability.
Materials and methods
Study site
The study was carried out at Bone Batang (Fig. 1-1), an uninhabited coral island located 
15 km offshore in the Spermonde Archipelago, Indonesia (5°01’ S; 119°19’ E). The rainy sea-
son in this area is from October till March. The island consisted of an inter-tidal sandbank with 
a surrounding reef flat and was fringed by a barrier reef. An extensive multi-species seagrass 
meadow covered the reef flat, which consisted of coarse carbonate sand and coral rubble com-
parable to the nearby island Barang Lompo (93-100% CaCO3; Erftemeijer 1994). A mixed 
stand of Thalassia hemprichii, Halodule uninervis, and Cymodocea rotundata, interspersed with 
patches of Enhalus acoroides dominated the meadow. Halophila ovalis was found in low densi-
ties. 
The study was performed using the seagrass species T. hemprichii, H. uninervis and 
C. rotundata. We also tried to measure the decomposition rates of the co-occurring macro-
algae Sargassum sp. and Padina sp., but the macroalgae fragments used continued to grow 
inside the litterbags. The results were not used to estimate the decomposition rate of these 
macroalgae, but the release of 15N was used to study uptake of regenerated N by seagrass plants. 
We performed the experiment in May-June and in November-December 2004. The influence 
of seagrass leaf biomass on the capacity to take up released N by the seagrasses was analysed by 
executing the first experiment in a meadow with a dense canopy structure (~150 g DW leaf 
m-2) and the second in a meadow with an open canopy structure (~100 g DW leaf m-2).
Labelling macrophytes
In the field we created 15N-enriched macrophyte material to be used in the experiments. 
Macrophytes were incubated in situ by placing boxes of 1 x 1 x 0.5 m (L x W x H) closed with 
transparent plastic foil over the vegetation. We added 0.25 g 15NH4Cl (99% 
15N) to the water 
column in the boxes. A water pump was used to enhance mixing of the water and homogenous 
uptake of the label by the plants. The macrophytes were incubated during three hours after 
which the boxes were removed. All aboveground macrophyte material of the incubated plots 
was harvested three weeks later (half leaf age for the used seagrass species; Hemminga et al. 
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1999) to ensure incorporation of the 15N in the leaf chemical compounds and equal distri-
bution of the label in all plant parts (Stapel et al. 2001). This fresh macrophyte material was 
collected two days before the start of the experiment by cutting off all above ground material 
from the enriched plots and transported to the laboratory in cool boxes. The material was kept 
submerged during the period of transport and processing in the laboratory to prevent desicca-
tion. The day before the start of the experiment we sorted the macrophyte material by species. 
We took three random shoot samples from each seagrass species (10 shoots for T. hemprichii, 
40 for H. uninervis and 20 for C. rotundata respectively) to determine the labelling distribu-
tion over the different leaf ages. The leaves were divided by age, oven dried for 48h at 70ºC, 
weighted and analysed for δ15N. 
Litterbags
The remaining macrophyte material was cut into pieces of maximum 5 cm length, and 
placed on tissue at room temperature for one hour to remove excess water. 10 samples of about 
5 g FW (fresh weight) per species were weighted to estimate the FW: DW (dry weight) ratio 
of the material. This ratio was used to estimate the starting DW biomass in each of the litter-
bags. About 5 g FW (~ 0.7 g DW) litter (weighed ± 0.01 g accurately) and a plastic identifica-
tion label were put in a nylon litterbag (0.10 x 0.10 m, mesh size 1 mm) with 30 litterbags per 
macrophyte species.
seagrass peripheryseagrass
meadow
litterbag
central
vegetation
quadrat
litterbag litterbag
litterbag
Figure 8-1. Schematic overview of the clustered litterbags (0.10 x 0.10 m) and central vegetation quadrat 
harvested during the experiment.
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Field setup
The day after filling the litterbags (the second day after the 15N labelled material was 
harvested from the field) we transported the litterbags submerged in seawater in a cool box 
to the field. Four litterbags with different macrophyte species (the three seagrass species and 
one of the macroalgae) were clustered and placed on top of the sediment in a subtidal seagrass 
meadow around a central vegetation quadrat (0.25 x 0.25 m during the May-June and 0.10 x 
0.10 m during the Nov-Dec decomposition experiment; Fig. 8-1). In total, 27 of these clusters 
of four litterbags were randomly deployed.
Sampling
At each sampling occasion, three clusters of four litterbags and the central vegetation 
quadrat, which was harvested up to 0.15 m deep, were taken from the field. The central vegeta-
tion quadrats and the litterbags containing the same macrophyte species were treated as repli-
cates. The first sampling on day t = 0 consisted of three litterbags for each species and three 
randomly chosen seagrass vegetation quadrats. The other samplings were done every five days 
until t = 40 days. At each harvest we removed excessive sediment from the remaining litterbags 
if necessary to prevent burial causing unequal environmental conditions between litterbags. In 
the laboratory, the litterbag material was washed out and all fauna and sediment material was 
removed. The samples were briefly rinsed with fresh water and oven dried to a constant weight 
(DW) and analysed for C and N-concentrations and δ15N. The seagrass material from the 
central quadrat was washed over a 1 mm sieve, sorted by species, divided in the different plant 
parts (leaf, sheath, rhizome), briefly rinsed with fresh water to remove salt, and oven dried. The 
DW was measured and all samples were analysed for δ15N and N-concentration to calculate 
uptake of released 15N by the seagrasses.
Decomposition rate
The loss of organic matter DW from the seagrass litterbags was used as a measure for 
decomposition. The first stages of decomposition are characterized by leaching of soluble 
components from the litter which usually occurs within the first hours to days (Godshalk & 
Wetzel 1978, Anesio et al. 2003). We assume that most of the leaching had already occurred 
before the start of the experiment since we harvested the living macrophyte material for the 
litterbags 2 days before the decomposition experiment started and measured a decline in 
N-concentration of about 0.25% DW over this period. The final stages of decomposition are 
characterized by slow decay of refractory material. We expected that during the relative short 
duration (40 days) of the experiment the decomposition was not yet dominated by refractory 
material decomposition (Buchsbaum et al. 1991, Cebrián et al. 1997, Fourqurean & Schrlau 
2003). We therefore calculated the decomposition rates using a single first-order exponential 
decay model (Olson 1963):
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       (8-1)
where Wt is the weight (g DW) of litter left after time t (days) from the initial weight W0 with 
a biomass decomposition rate constant kDW (day-1). We also calculated the decomposition rate 
constants for total N (kN) and 15N (k15N) using this model, substituting total N and total 15N at 
time 0 and time t for W0 and Wt, respectively. 
Exogenous N input
Changes in δ15N values during decomposition can be caused by four main processes, 
influencing both natural as well as enriched δ15N values. The first process is isotope fractionation, 
which is the extent to which the nitrogen isotopes are separated between the litter and released 
matter during microbial processes (Robinson 2001). Heavier isotopes form bonds of greater 
energy than their isotopically lighter counterparts and thus are less likely to undergo chemical 
reactions (Adams & Sterner 2000). In natural litter this results in an increase of δ15N values 
of 0-5‰ for decomposition and 28-33‰ for denitrification (Robinson 2001). The second 
process could be the assimilation of 15N-enriched components of the litter by the microbial 
community. Changes in nitrogen isotopic composition are thought to arise from assimilation 
of dissolved (in)organic N by the microbial community during decomposition (Caraco et al. 
1998). The enriched litter used in this experiment also released 15N-enriched dissolved N. Up-
take of this enriched N source by the microbial community will increase their natural δ15N 
signature with an unknown ‰, but is opposite to the measured effect.
The third process inducing a change in δ15N value could be due to unequal labelling of the 
leaves or components. Not all leaves and components decompose at the same rate (high rate 
for proteins, low for fibres; Harrison 1989) and different labelling of these materials result in 
changes in δ15N values. We labelled the seagrasses 20 days before harvesting to make sure that 
the added 15N was built in all chemical components of the litter and was distributed through 
all leaves to prevent influence of this process. The forth process changing the δ15N values of the 
litter is the input of exogenous N (other than original litter N) with natural δ15N values (close 
to zero; White 1994). The largest contribution to exogenous N in litter is assumed to result 
from microbial colonization (Anesio et al. 2003, Tremblay & Benner 2006), but N2-fixation 
by bacteria may also contribute. This input of exogenous N will result in a decline of the δ15N 
values that depends on the amount of input, as measured in enriched cord grass (White 1994). 
Since the first three processes result in small changes and/or increase of the δ15N, we assume 
that the decline in δ15N of the litter originated from the attachment of exogenous N to the 
original litter material.
We calculated the amount of exogenous N input into the litterbags during the course of 
the experiment as a portion of the total litter N at t = 0 by subtracting the relative amount of 
15N left in the litter from the relative amount of total litter N left during the experiment. The 
total percentage of exogenous N in standing stock seagrass litter in the field was calculated us-
ing the observed difference in the 15N and N decomposition rate constants, assuming a steady 
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state in the production and decomposition of litter:
       (8-2)
where Nexogenous is the percentage of exogenous N of the total litter-N, kN and k15N the decom-
position rate constants for total-N and 15N respectively. Since the litter was washed to re-
move sediment, only strongly attached exogenous N is taken into account. Loosely attached 
exogenous N is considered to be easily washed away too from litter by hydrodynamic forces in 
the field.
Uptake of released N
From the measured 15N-enrichment (μg 15N) in the central vegetation quadrats and the 
decline of 15N in the litterbags during the 40 days of this experiment we estimated the uptake 
by the seagrass community of N released from the litterbags, using the following model (modi-
fied from Stapel et al. 2001):
       (8-3)
where c is the portion of 15N regenerated from the litter that is taken up by the seagrasses, k15N 
the first-order decomposition rate constant of the cumulative 15N in all four litterbags around 
the central quadrat, L the cumulative amount of 15N in the four litterbags, a the first-order rate 
constant at which 15N declined in the seagrasses from the central quadrat due to leaf turnover 
and leaching and R the 15N-enrichment in the living seagrass periphery around the litterbags. 
The periphery (Fig. 8-1) was defined as the total area of seagrass meadow around the litter-
bags with radius equal to the length of the vegetation quadrat (0.25 m in the dense canopy 
and 0.10 m in the open canopy meadow respectively). The 15N-enrichment measured in the 
central quadrats was extrapolated to this periphery area according to the size of the central 
vegetation quadrats and the total periphery areas. The extrapolation factors were 4.74 for the 
dense canopy (0.25 m periphery) and 7.14 for the open canopy (0.10 m periphery) vegetation. 
Solving equation 8-3 becomes:
       (8-4)
where cd is the portion of N released from the litter that is taken up by the seagrass periphery, 
L0 is the initial amount of 15N in the litterbags, Rt and R0 are the 15N-enrichments in the sea-
grass periphery at time t and 0 respectively. All 15N data were expressed as portion of the initial 
total amount of 15N in the litterbags (100%). The value for a (0.037 d-1) was taken from Stapel 
et al. (2001). 
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Analyses
Carbon and nitrogen concentrations were measured with a Carlo Erba NA 1500 elemen-
tal analyzer and for nitrogen stable isotope composition this was coupled online via a Finnigan 
Conflo III interface with a ThermoFinnigan DeltaPlus mass spectrometer.
The biomass, total-N and 15N decomposition data per species was expressed as relative 
remaining fraction and LN-transformed. The differences between decomposition rates were 
tested using Linear Regression (Sokal & Rohlf 1995). Also, the C and N-concentrations and 
δ15N during the decomposition experiment were analyzed per species using Linear Regres-
sion. The differences between the dense canopy and open canopy meadow were analysed using 
independent t-tests. Probability (p) <0.05 was considered significant.
Results
Seagrass meadows
The main difference between the meadows was the significantly higher leaf bio-
mass in the dense canopy meadow (149 g DW m-2) compared to the open canopy meadow 
(98 g DW m-2), due to the higher biomass of the large species Thalassia hemprichii and Cymodocea 
rotundata (Table 8-1). However, the total shoot density was comparable for both meadows, 
due to the high number of tiny Halodule uninervis shoots in the open canopy meadow.
Table 8-1. Mean (± SD) shoot density (x 103 m-2) and biomass (g m-2) of the dense canopy and open 
canopy meadow measured in the central quadrats (0.25 x 0.25 m and 0.10 x 0.10 m respectively). Sig-
nificant differences (independent t-test) of the individual species or totals between the two meadows are 
marked (n = 27).
shoot biomass
meadow species density leaf sheath rhizome
dense canopy T. hemprichii 0.85 ± 0.25a 58 ± 17a 35 ± 12 263A ± 91a
H. uninervis 1.66 ± 1.39b 17 ± 15 2 ± 3 51B ± 55b
C. rotundata 2.27 ± 0.54a 64 ± 22a 29 ± 11 119A ± 28a
H. ovalis 0.18 ± 0.16 9 ± 11
TOTAL 5.03 ± 1.08 149 ± 32a 65 ± 21 433A ± 98a
open canopy T. hemprichii 0.45 ± 0.31b 33 ± 29b 34 ± 30 145B ± 69b
H. uninervis 2.92 ± 0.82a 24 ± 10 6 ± 8 92A ± 45a
C. rotundata 1.67 ± 0.76b 31 ± 18b 44 ± 51 62B ± 31b
H. ovalis 0.37 ± 0.41 10 ± 8
TOTAL 5.23 ± 1.09 98 ± 38b 83 ± 55 299B ± 91b
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Table 8-3. Litter biomass decomposition rates (kDW) for the different macrophyte species. Significantly 
different biomass decomposition rates are denoted with letters.
kDW (d
-1)
species mean 95% confidence interval
T. hemprichii 0.042a 0.034 - 0.050
H. uninervis 0.031a 0.023 - 0.039
C. rotundata 0.062b 0.055 - 0.070
Table 8-2. The relative biomass fraction of the leafage classes and the mean δ15N values measured in 
the different leaf-age classes for the different seagrass species used during the first (May-June) and second 
(November-December) decomposition experiment (n = 3). Leaf 0 is the whitish youngest leaf not yet visible 
in the field. The oldest leaf class also includes older leaves.
species exp % litter DW δ15N
leaf age class 0 1 2 3 4 0 1 2 3 4
T. hemprichii 1 1.3 12.2 29.6 34.2 22.7 662 544 505 793 756
2 2.7 10.9 27.9 38.1 20.4 329 365 411 460 521
H. uninervis 1 0.8 15.1 37.4 38.5   8.2* 480 454 756 863 536*
2 1.7 17.0 35.8 35.5 10.0* 523 537 617 914 669*
C. rotundata 1 1.9 20.7 42.4 35.0 425 389 420 433
2 2.4 15.7 38.6 43.3 432 483 592 948
* sheath
Table 8-4. F-statistics for the linear regression analysis of the chemical composition (% C, % N, C:N-
ratio and δ15N) of litter material during decomposition. F-values were significant (F-critical1,26 = 5.59), 
unless noted (ns = not significant). Significant R2 and coefficient of correlations (r; Pearson correlation, all 
p < 0.01) are given (see Fig. 8-2).
% C % N C:N-ratio δ15N
species exp F R2 r F R2 r F R2 r F R2 r
T. hemprichii 1 1.81 ns 25.68 0.79 -0.61 14.53 0.45 0.67 25.77 0.58 -0.76
2 70.10 0.90 -0.89 29.74 0.70 -0.84 3.34 ns 37.56 0.63 -0.79
H. uninervis 1 4.49 ns 0.01 ns 13.18 0.27 -0.52 25.43 0.54 -0.73
2 50.53 0.87 -0.89 60.14 0.72 -0.85 4.59 ns 30.49 0.67 -0.82
C. rotundata 1 15.60 0.69 -0.73 1.93 ns 13.23 0.38 -0.62 50.60 0.76 -0.87
2 19.46 0.73 -0.81 14.27 0.51 -0.72 0.19 ns 21.44 0.53 -0.73
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Figure 8-2. Chemical composition of litter material (A, B) C concentration (% DW), (C, D) N concentra-
tion (% DW), (E, F) C:N-ratio, and (G, H) δ15N-values (‰), during decomposition experiments ( first 
experiment left, second right) for T. hemprichii, H. uninervis, and C. rotundata (mean ± SE, n = 3). 
Significant regression lines are shown (see Table 8-4 for statistics).
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Decomposition
We used fresh leaf material for the experiment, but the relative contribution of the differ-
ent leaf-age classes to the litter biomass showed that the litter material used consisted largely 
of older leaves (Table 8-2). These leaves are considered to make the large bulk of the natural 
leaf litter in the meadow. We measured no difference between both experiments on the litter 
decomposition rate (kDW) for the seagrass species (p > 0.05, Linear Regression for biomass 
decomposition rate per species). We pooled the litter data of both experiments per species to 
calculate the decomposition rates. The first order biomass decomposition rate of T. hemprichii 
and H. uninervis was significantly lower than that of C. rotundata (Table 8-3). In most cases, 
the litter C and N-concentration declined significantly during decomposition (Fig. 8-2A-D, 
Table 8-4), but at different rates. This resulted in some cases in an increase of the C:N-ratio of 
the litter material, in some cases in a decrease and in some cases the ratio remained the same 
(Fig. 8-2E, F).
The seagrass leaf material used in the decomposition experiment had δ15N values 
varying from 350 to 950, more or less equally distributed over all leaves (Table 8-2). During 
the decomposition the δ15N values of the litter material declined significantly for all seagrasses, 
ranging from 0.80 to 1.16% per day for the different species (Fig. 8-2G, H; Table 8-4). The 
decline in δ15N values was also shown through the larger k15N values compared to kN for all 
experiments (Table 8-5).
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Figure 8-3. The calculated decline of biomass, total N, 15N, and the input of exogenous N into the litter 
during the decomposition for T. hemprichii. Biomass, total N and 15N are given as portion of their initial 
values, while the exogenous N input is given as the difference between total N and 15N.
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Exogenous N input
The amount of exogenous N input into the litter was expressed graphically as a per-
centage of the total litter N at t = 0 by subtracting the course of 15N (representing litter N) 
from total N (representing litter plus exogenous N) during the decomposition experiment 
(Fig. 8-3). The litter showed a fast increase in exogenous N followed by a decrease, but relative 
to leaf litter N the exogenous N continued to increase. The calculated amount of exogenous N 
in the seagrass litter standing stock using equation 8-2 was on average 25% (Table 8-5). Due to 
the large range, no differences between species were identified.
Uptake released N
The increase in δ15N values of the seagrass around the litterbags was comparable for all 
species, indicating relative equal use of the released N by the seagrasses. About half of the 
15N-enrichment in the central vegetation quadrats was present in the leaves, the remaining 
in underground parts. The total 15N decomposition rate (k15N) in the litterbags was calcu-
lated by adding all four litterbags (three seagrass species and one macroalgae) together and was 
0.051 d-1 in the dense canopy and 0.101 d-1 in the open canopy meadow. Using the measured 
15N-enrichment in the central vegetation quadrats, the course of 15N in the periphery was de-
scribed by equation 8-4 (Fig. 8-4). Of the N released from the litterbags 11.8% was taken up 
by the seagrasses in a 0.25 m periphery in the dense canopy meadow and 1.9% in a 0.10 m 
periphery in the open canopy meadow respectively. 
Table 8-5. Litter decomposition rates for total-N (kN) and 15N (k15N) for the different seagrass species per 
experiment and the exogenous N as percentage of the total standing stock litter N, calculated using equation 
8-2.
kN k15N exogenous N
species exp d-1 d-1 % total litter-N
T. hemprichii 1 0.049 0.064 30
2 0.058 0.073 26
H. uninervis 1 0.030 0.040 34
2 0.044 0.054 23
C. rotundata 1 0.054 0.068 26
2 0.081 0.091 13
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Discussion
The decomposition rates for seagrasses found in this study (0.023-0.070 d-1) were 
amongst the highest values found in the literature (0.005-0.1 d-1; Harrison 1989, Mateo & 
Romero 1996, Cebrián et al. 1997, Machás et al. 2006). The fast decomposition rates can 
be explained by stimulated microbial activity due to the high temperatures in the tropics 
(Godshalk & Wetzel 1978, Harrison 1989). For temperate seagrasses a positive correlation 
between temperature and decomposition rates are found for the most studied seagrass spe-
cies, Zostera marina and Posidonia oceanica (Buchsbaum et al. 1991, Mateo & Romero 1996). 
No trend between decomposition rate and seagrass species size or initial N-concentration was 
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Figure 8-4. The decline of total 15N from the litterbags, the measured 15N-enrichment in the seagrass peri-
phery (0.25 m for dense canopy, 0.10 m for open canopy meadow) around the litterbags and the modelled 
15N in the periphery as portion of the initial amount of 15N-enrichment in the litterbags in the (A) dense 
canopy and (B) open canopy meadow.
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observed. Thalassia hemprichii and Halodule uninervis had comparable decomposition rates 
while Cymodocea rotundata had higher rates, but the initial N-concentration of the material 
was comparable. The use of fresh leaf material may have enhanced the decomposition rates 
(around 20% of the litter material consisted of the youngest leaves). However, foraging by 
fauna species in seagrass meadows also results in the detachment of relative young leaf material, 
indicating that the leaf material used may not be too different from natural litter. The initial 
N-concentrations of the seagrass litter were relative high, but within the range for tropical 
seagrasses N reported by others (Hemminga et al. 1999, Stapel et al. 2001). The C and 
N-concentration of the litter declined for most of the seagrass species during the decomposi-
tion as found in most decomposition studies of fresh seagrass material in the field (Rublee & 
Roman 1982, Bourgues et al. 1996, Machás et al. 2006). 
During the decomposition we measured a decline of δ15N values in the litter. Combin-
ing the four processes mentioned earlier which influence the measured decline of δ15N during 
decomposition (fractionation, uptake of 15N-enriched material by the microbial community, 
unequal labelling and microbial colonization) we conclude that the measured decline in δ15N 
of the litter was caused by the input of exogenous N. This exogenous N is assumed to consist 
of both microbial colonization and N2-fixation by bacteria, as shown before for cordgrass litter 
(White 1994). The decline of δ15N was significant linear, indicating that during the whole 
decomposition experiment there was an input and that the material was equally labelled. 
Fractionation and uptake of 15N-enriched material by the microbial community may have lead 
to an underestimation of the original litter-N decline. Our modelled input of exogenous N 
during decomposition and amount of exogenous N in litter therefore represents a minimum 
value. The colonization of the litter by microorganisms implies that also the biomass decom-
position rates measured are minimum estimations, indicating even higher decomposition rates 
in these tropical meadows.
Exogenous N is an important part of standing stock seagrass litter N, comparable for all 
seagrasses studied and calculated to be on average 25%. This estimation indicates a minimum, 
since the percentage of exogenous N will even increase when the litter enters the phase of refrac-
tory decomposition (Tremblay & Benner 2006). For mangroves and cordgrass, White (1994) 
and Tremblay & Benner (2006) found that the contribution of exogenous N to the total litter 
N pool, including the refractory material, was 50 to 75% of standing stock litter N found. The 
amount of refractory material in seagrass litter, however, is low compared to mangroves and 
cordgrass (White 1994, Fourqurean & Schrlau 2003), suggesting that exogenous N in seagrass 
litter will most likely not contribute more than 50% of the total standing stock. Since direct 
grazing not often exceeds 30% of the leaf production, it is thought that the majority of the 
energy flow from seagrasses to higher trophic levels occurs via the detrital pathway (Cebrián 
1999, Fourqurean & Schrlau 2003). During the decomposition we measured a decline in the 
N-concentration of the litter, due to release of N from the litter (Fourqurean & Schrlau 2003, 
Machás et al. 2006), which may be partly caused by denitrification. However, this last process 
is considered to have little influence on litter on top of the sediment, but only under anaerobic 
condition in the sediment. At the same time of the release of N we measured an input of N in 
126
Chapter 8 Regeneration of seagrass litter N
127
the litter due to exogenous N input. We conclude that exogenous N input restrains the decline 
in N-concentration in litter and may enhance the detrital pathway in these tropical seagrass 
meadows.
The loss of N from seagrasses through the detachment of N rich leaf material in nutrient-
poor environments indicates the importance of the use of regenerated N from decomposing 
materials for the N dynamics of seagrasses. Seagrasses surrounding the litterbags directly took 
up part of the N released from the decomposing litter on the sediment. All three seagrass 
species present in the meadow were equally able to use the released N, indicated by the compa-
rable δ15N values of the seagrasses. We assume that most of the leaching had already occurred 
before the start of the experiment since we harvested the macrophyte material 2 days before 
the decomposition experiment started and measured a decline in N-concentration of about 
0.25% DW over this period. N regenerated during leaching of leaf litter, which occurs in the 
first days after detachment (Anesio et al. 2003), was not considered here, but may form an 
easily accessible source for uptake, assumable better available compared to products from mi-
crobial decomposition. Also other components of the seagrass community, e.g. epiphytes, were 
not included in our study, but it can be assumed that they also take up part of the released N. 
The uptake efficiency of the meadow community is therefore assumed to be even higher com-
pared to the values we calculated in this study. 
Efficient uptake of N released from decomposing material has been shown before in the 
sediment. 15N labelled detritus consisting of phytoplankton injected into or trapped in the 
sediment was taken up by the roots and translocated to the leaves (Evrard et al. 2005, Barrón et 
al. 2006). The ability of seagrasses to take up small organic N sources like amino acids besides 
inorganic N with leaves and roots (chapter 7), may contribute to the efficient reuse of N regen-
erated from organic matter. In tropical meadows growing in nutrient-poor clear water, without 
influences of upwelling or river discharges, the importance of phytoplankton as source of regen-
erated N is expected to be rather limited. Seagrass litter, however, is considered an important 
source of N in these meadows as shown by the large allocation of N to leaf production (Stapel 
et al. 2001), the short leaf age and low resorption of N from senescing leaves (Hemminga et 
al. 1999). This litter material is efficiently retained within the meadows, due to the particle 
trapping capacity of the seagrasses (Koch et al. 2006) and the collection of litter by burrowing 
fauna species (chapter 5), as shown also by the low export of litter from these meadows (Stapel 
et al. 1996b). Combined with the low amount of detritus and the high decomposition rates 
of litter in the meadows indicate that N associated with detached leaf material is efficiently 
regenerated and forms an important source of N for uptake by seagrasses. 
In an attempt to illustrate and understand the scale of the calculated portion of N regen-
erated from the litter that is taken up by the seagrasses, we mathematically expressed the uptake 
of released N over surface area of the different seagrass meadows. Since no hydrodynamics and 
concentration of the N released to the water column were measured, we made the following 
assumptions: (1) N is released from a point source, (2) low concentrations of released N (R), 
(3) a fixed water depth (h), (4) full vertical mixture of the released N in the water column, 
(5) an equal distribution of the released N in all directions, (6) constant seagrass biomass area 
index (B) and (7) the amount of released N declined over distance from the release point only 
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due to uptake by seagrasses. Since the concentration of released N is low, uptake is only concen-
tration limited and not controlled by the physiological uptake limitations of leaves. Therefore 
there is a linear correlation between the uptake and the concentration, and a linear correlation 
between uptake and seagrass biomass. The uptake of released N was measured over a distance 
(0.10 or 0.25 m) and equal distribution was assumed. Since water depth was assumed fixed and 
the area of seagrass around the litter is expressed as function of the radius (r), the product of 
seagrass biomass (B x π x r2) times concentration of released N (R / (π x r2 x h)) will result in 
a constant value ((B x R) / h) for any value of r. Since uptake by other primary producers (e.g. 
epiphytes) was not taken into account, the modelled values represent a minimum efficiency of 
regenerated N uptake capacities by the meadows.
Our assumptions resulted in the following equations to model the cumulative uptake of 
released N over area in the seagrass meadows:
       (8-5)
where cr is the cumulative uptake of released N by the seagrasses in the meadow over area with 
radius r, and [N]remaining the portion of released N remaining in the water column. The portion 
of released N from the source that remained in the water column declined following the equa-
tion:
       (8-6)
where cc is the amount dependent uptake of released N, r the radius of the meadow around the 
litter and d the radius of the periphery for which the N uptake was actually measured (0.25 m 
for dense canopy and 0.10 m for open canopy meadow). The concentration dependent uptake 
of released N is computed using:
       (8-7)
where cd is the measured uptake of released N in this study. Substitution of equation 8-7 in 
equation 8-6, the expression becomes:
       (8-8)
This expression was solved iteratively for different values of r, knowing that [N]remaining in 
the water column was between 0 and 1. The resulting [N]remaining was substituted in equation 
8-5 to yield an estimation of cr for different values of r and expressed graphically (Fig. 8-5).
Using equation 8-8, we estimate that in the dense canopy meadow half of the released 
N from litter is taken up by the seagrass canopy within 2.9 m radius or 27 m2 area around the 
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source, while in the open canopy meadow this is 7.5 m radius or 175 m2 area. Combining these 
estimations with the leaf biomass, 149 g DW m-2 in the dense canopy and 98 g DW m-2 in the 
open canopy meadow resulted in an estimated 4 kg DW leaf material in the dense canopy 
meadow responsible for taking up half of the released N compared to 17 kg DW in the open 
canopy meadow. Although largely simplified, this mathematically expressed cumulative 
uptake of released N from litter indicates that the dense canopy meadow is not only more 
efficient due to higher biomass, but also that the uptake efficiency of released N per g biomass 
is higher in this meadow. This difference may be caused by the reduced water exchange in the 
dense meadow (Koch et al. 2006). The dense canopy seagrass meadow benefits from the longer 
residence time of the released N in the canopy to take up N, while the open canopy meadow 
needs a much larger area because the higher flow rates in the canopy reduce the residence time 
of released N (Koch et al. 2006).
We conclude that N cycling outside the living plant but within the meadow via the 
detrital pathway is important for tropical seagrass meadows. The decomposition rates indicate 
a fast release of N from tropical seagrass litter, supporting a fast N recycling in the meadow. 
Decomposing litter material is not only a source of N, but also acts as a sink for N as shown by 
the exogenous N input from the water column, pore-water, or by microbial colonization. In 
spite of the dynamic and open environment in which most of these meadows flourish, these 
tropical seagrasses efficiently take up N released from litter, contributing significantly to the 
preservation of N in the meadows. Our mathematical extrapolation of the 15N-uptake over 
distance from its release point indicates that the biomass specific effectiveness of re-absorption 
of regenerated N (and maybe the absorption of nutrients in general) increases with meadow 
canopy density.
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Figure 8-5. The cumulative uptake of released N (cr) as portion of the released N from litter in the dense 
canopy and open canopy meadow. The uptake is given as function of the meadow radius around the 
point source of decomposing material. The cumulative uptake was mathematically extrapolated using the 
assumptions mentioned in the text.
128
Chapter 8 Regeneration of seagrass litter N
129
Acknowledgements
We thank J. Eygensteyn for performing the stable isotope analyses, P.H. Nienhuis 
and two anonymous reviewers for comments on an earlier draft of this manuscript, Saido 
and E. Buginsolia for assistance with sampling and laboratory work, and M. Huijbregts for 
mathematical advice. This research was funded by NWO-WOTRO grant W86-168 and the 
Department of Environmental Science, Radboud University Nijmegen.
130
Chapter 9
General discussion
132
Chapter 9 General  discussion
133
Introduction
Seagrasses form the main structural component in seagrass meadows, provide structure 
and shelter on soft bottom substrates, and enhance productivity and biodiversity (Duffy 2006). 
Tropical seagrasses have a high year-round production and nitrogen (N) demand (Erftemeijer 
et al. 1993b). N is one of the major nutrients for all living organisms and to functionally adapt 
to their environment, seagrasses, as all other plants, tune N expenditure to N availability 
(Hemminga et al. 1991). Offshore Indo-Pacific seagrasses often flourish in N-poor environ-
ments. Leaf production accounts for the main N demand of tropical seagrasses (Vermaat et al. 
1995) and the leaf lifespan of most tropical species is short (Hemminga et al. 1999). Internal 
resorption of N from senescing leaves is not strongly developed (Stapel & Hemminga 1997), 
thus N conservation inside the living plants is low for seagrasses. Considerable amounts of N 
are lost from the living plants by leaf detachment. Detached leaf material is carried away from 
the meadows by currents and tides or decomposes in the meadow and the N becomes available 
for uptake by seagrasses again after mineralization by microorganisms. This detrital pathway 
provides an important clue for the regeneration of N in seagrass meadows (Duarte & Cebrián 
1996). 
Fauna species are attracted to seagrass meadows for food availability, shelter and as 
substrate to attach on (Heck & Valentine 2006). Fauna species process leaf material and their 
activities influence the N cycling of seagrasses. Herbivorous species like dugongs, green turtles, 
fishes, and sea urchins directly consume seagrass leaf material and remove N from the plants 
(Valentine & Heck 1999). Grazing estimations in tropical seagrass meadows range from 10 
to almost 100% of the leaf production (Valentine & Duffy 2006). Defecation of part of the 
ingested seagrass material will either be inside the meadow, for slow moving species like sea 
urchins, or in neighbouring ecosystems, for migrating species like certain fishes. The finely frag-
mented faeces are mineralized via the detrital pathway. Detrivorous species utilize leaf litter in 
the meadows, as shown by the collection of crustaceans in their burrows (Abed-Navandi & 
Dworschak 2005). Burial of litter may result in reduced export of seagrass material from the 
meadow. 
Tropical Indo-Pacific seagrass meadows are characterized by mixed-species seagrass 
vegetation (van Tussenbroek et al. 2006) with competitive interactions among species 
(Duarte et al. 2000). Co-occurrence and competition between tropical seagrasses are deter-
mined by environmental conditions like desiccation tolerance (Stapel et al. 1997), light limi-
tation (Duarte 1991), nutrient limitation (Agawin et al. 1996) and herbivory (Vaitilingon et 
al. 2003), and species characteristics like photosynthetic performance (Zimmerman 2006), 
colonization rates (Rollon et al. 1998) and nutrient uptake (Romero et al. 2006). Differences 
in N dynamics between co-occurring species may also influence competition in N-poor envi-
ronments. Besides individual plants, there is also a relation between the overall seagrass can-
opy and the functioning of the meadows. Increase in seagrass canopy density may results in a 
decrease of hydrodynamic stress for the shoots (Koch et al. 2006), increased nutrient uptake 
capacity (Thomas et al. 2000), increased deposition of organic matter and sediment (Gacia et 
al. 2003), and enhance habitat complexity and fauna densities (Howard et al. 1989). 
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While seagrass meadows flourish in tropical offshore ecosystems in the Indo-Pacific, 
sources to replenish the N lost from shoots in these meadows appear not self-evident (Stapel et 
al. 2001). In these exposed tropical meadows no accumulation of detritus is found (Erftemeijer 
& Middelburg 1993), export figures of leaf fragments are low (Stapel et al. 1996b) and produc-
tion and decomposition seem to be in balance (Lindeboom & Sandee 1989). The meadows 
appear to be self-sustaining to a large extent and there probably exists an efficient N recycling 
system within the meadow (Nienhuis et al. 1989). Seagrasses have a low internal conservation 
of N resulting in a high loss of N through leaf detachment and fragmentation (Hemminga 
et al. 1991). Part of the fauna species attracted to seagrass meadows process seagrass material 
(Valentine & Duffy 2006) and microbial decomposition of litter is an important pathway to 
regenerate N (Duarte & Cebrián 1996). 
This chapter aims at addressing the hypothesis, posed in the introduction (chapter 1), 
that fauna species may form an important link in the nitrogen cycle of tropical seagrass ecosys-
tems, which makes it possible that substantial amounts of seagrass leaf associated N is recycled 
inside the meadow, but outside the living plants via tight coupling of litter decomposition and 
uptake of regenerated N by seagrass leaves and roots (the ‘detrital pathway’). This in spite of the 
highly hydrodynamic environments in which many offshore seagrass meadows occur, which 
is expected to result in a large loss of detached seagrass material. The effect of growth strategy 
for the co-existing seagrass species on the N dynamics is also addressed. For this purpose the 
results from the studies described in this thesis are placed in an integral discussion: the nitro-
gen demand and loss of tropical seagrasses (chapter 2); the fauna densities in the meadows 
(chapter 3); the quantification and effects of Tripneustes gratilla grazing (chapter 4); the role 
of burrowing shrimps in meadows (chapter 5); the importance of seagrass material for the food 
web in tropical meadows (chapter 6); the dissolved (in)organic nitrogen uptake by seagrasses 
(chapter 7); and the regeneration of N from litter (chapter 8). The work presented in this thesis, 
combined with existing information about seagrass meadows, resulted in a schematic repre-
sentation of the N cycling of offshore tropical Indo-Pacific meadows (Fig. 9-1). The figure is 
discussed and serves as guidance for this chapter [numbers in the text between these brackets 
refer to the processes in Fig. 9-1].
Seagrass meadows and N demand
The work was performed at the uninhabited coral island Bone Batang (Fig. 1-1). This 
unvegetated island is located about 15 km off the coast and 30 km from the shelf edge in 
the Spermonde Archipelago, South Sulawesi, Indonesia. The research described in this thesis 
was executed in two adjacent subtidal seagrass meadows with different canopy densities. Both 
meadows had comparable densities of Thalassia hemprichii, but different densities of the 
co-occurring species Halodule uninervis and Cymodocea rotundata. Based on the differences 
in shoot density, the meadows were characterized as a dense (density 3900 shoots m-2, above-
ground biomass 118 g DW m-2) and a sparse (density 2350 shoots m-2, aboveground biomass 
47 g DW m-2) meadow (Table 2-7). 
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Figure 9-1 (previous page). Schematic overview of the N dynamics in tropical seagrass meadows. N fluxes 
were quantified for the dense and sparse canopy meadows studied (g N m-2 yr-1) and the grey numbers have 
been studied in this thesis. Numbers between brackets indicate the percentage compared to seagrass leaf N 
demand in the meadows. Main cycling of N incorporated into seagrass leaves is shown with grey arrows.
No. flux description meadow canopy source
dense sparse
1 Seagrass leaf demand 31.5 14.8 Ch. 2
2 Seagrass rhizome demand 2.7 (9) 2.4 (16) Ch. 2
3 Seagrass root demand 9.9 (31) 10.1 (68) Ch. 2
4 Epiphyte demand 15.7 (~50) 7.4 (~50) (Borowitzka et al. 2006)
5 Leaf resorption 5.9 (19) 2.6 (17) Ch. 2
6 Translocation unknown, assumed equal in both directions
7 Leaf uptakea 22.1 (70) 13.7 (93) Ch. 7
8 Root uptakea 22.1 (70) 13.7 (93) Ch. 7
9 Epiphyte uptake 15.7 (~50) 7.4 (~50) Equal to production
10 Epiphyte leaching unknown
11 Leaf leaching low, assumed <1 (Romero et al. 2006)
12 Fish grazing 3.2 (~10) 1.5 (~10) (Klumpp et al. 1989)
13 Sea urchin grazing 9.0 (29) 4.4 (30) Ch. 4
14 Burrowing crustaceans collection 16.2 (51) 7.2 (49) Ch. 5
15 Detachment oldest leaves 16.9 (54) 7.3 (49) Ch. 2
16 Belowground seagrass lossb 12.6 (40) 12.5 (84) Ch. 2
17 Fish faecesc (partly excreted outside) 2.4 (  8) 1.1 (  7) Unknown partly outside
18 Sea urchin faecesd 2.7 (8.5) 1.3 (8.9) (Koike et al. 1987)
19 PON deposition low, assumed to be comparable to resuspension
20 Uptake by litter micro-organisms results in up to 25% litter of N Ch. 8
21 Bioturbation unknown
22 Resuspension low, assumed to be comparable to deposition
23 Decompositione 44.1 (140) 27.3 (184) Ch. 8
24 Bioirrigation/sediment N release only sediment 0.5-1.6 (2-11) (Erftemeijer & Middelburg 1995)
25 Dissolved N excretion by faunac 2.7 (8.5) 1.3 (8.9) (Koike et al. 1987)
26 Filterfeeding by bivalves unknown, dependent on density
27 Desposition by filterfeeders unknown, dependent on density
28 Import dissolved and particulate N low low (Stapel et al. 2001)
29 Export particulate N 3.2 (~10) 1.5 (~10) (Stapel et al. 1996b)
30 Export dissolved N low, seagrass and epiphytes can take up DIN and DON
31 N2-fixation range from 2.7 to 15 (9-100)
often <1, but up to 18 (1-100)
(Blackburn et al. 1994)
32 Denitrification cf. Romero et al. (2006)
33 Predation (higher trophic levels) unknown Ch. 6
a Based on equal uptake of roots and leaves
b Equals belowground production, see assumptions explained in the text
c Estimated from assimilation efficiency given by Thayer et al.(1982)
d Only T. gratilla taken into account
e Assumed to be comparable to seagrass N demand 
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Nutrient concentrations in pore-water and the water column are low and comparable 
between the meadows (chapter 2, 7). Comparing the N pools indicates that seagrass leaves 
account for a small amount of the total N pool and no large accumulations of detritus are 
found in these tropical meadows (Table 9-2). The total N demand for seagrass production 
was 44 g N m-2 yr-1 in the dense and 27 g N m-2 yr-1 in the sparse meadow [process 1, 2 and 3 
in Fig. 9-1]. The dense meadow has a higher absolute and relative N demand for leaf produc-
tion in the dense meadow, 32 g N m-2 yr-1 or 76% of total N demand, compared to the sparse 
meadow, 15 g N m-2 yr-1 or 60% of total N demand. This shows that although leaves represent 
only a small portion in the total N pool, they form the main N sink for seagrasses, which 
is enhanced in meadows with higher canopy densities. This thesis focuses on the fate of N 
incorporated into leaf material, while N incorporated into belowground material is not further 
studied. It is assumed that this belowground material decomposes in the sediment [16], since 
no large detritus accumulations are present in the sediment, and becomes available for uptake 
by seagrasses again. 
Internal conservation of N from the leaves through N resorption [5] accounts for around 
20% of the leaf N demand, or 5.9 g N m-2 yr-1 in the dense meadow and 2.6 g N m-2 yr-1 in 
the sparse meadow. Leaching of nutrients from leaves [11] is neglected here, since this flux 
is generally considered small (Romero et al. 2006). The remaining N incorporated in leaves 
is lost from the plants by premature loss of leaf fragments, corresponding to around 30% of 
the leaf N demand (8.8 g N m-2 yr-1 in the dense and 5.0 g N m-2 yr-1 in the sparse meadow), or 
detachment of the oldest leaves [15], which corresponds to around 50% of the leaf N demand 
(16.9 g N m-2 yr-1 in the dense and 7.3 g N m-2 yr-1 in the sparse meadow). The overall loss of 
N from the shoots through leaf loss accounts for 25.6 g N m-2 yr-1 in the dense meadow, com-
parable to 58% of the total seagrass N demand, and 12.2 g N m-2 yr-1 in the sparse meadow, 
comparable to 45% of the total seagrass N demand. 
The island Bone Batang is located offshore in nutrient-poor waters and consists of an 
inter-tidal sand flat. Sources for N import from adjacent ecosystems [28] are not self-evident. 
Preservation of detached leaf material within the meadow seems therefore an important path-
way to maintain N in the meadow (Stapel et al. 2001). The loss of N as leaf fragments in a 
nutrient-poor, highly dynamic environment may result in large export of material. However, 
in general export of particulate matter [29] from offshore tropical meadows is only about 10% 
of the N incorporated in seagrass leaf material (Stapel et al. 1996b). Based on this estima-
tion, export accounted for around 3.2 g N m-2 yr-1 in the dense and 1.5 g N m-2 yr-1 in the 
sparse meadow. Most leaf material is likely to be conserved within the meadows. Activities of 
fauna species like grazing and leaf collection result in the processing of part of the seagrass leaf 
material and they may play a role in the N cycling ssof the meadows.
Seagrass–fauna interactions 
Historically, large vertebrates like the dugong and the green turtle have been dominant 
grazers in seagrass meadows but their occurrence in the studied meadows was only on the rare 
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occasions. Main herbivores present in the meadows were sea urchins, crustaceans like amphi-
pods and burrowing shrimps, and fishes (chapter 3, 6). The impact of these herbivores on the N 
dynamics of seagrass meadows depends on their mobility. Grazing by herbivores can roughly 
be divided into residential or slow moving species like the sea urchin T. gratilla [13] and migrat-
ing or highly mobile species like certain fish species [12]. Herbivory by T. gratilla corresponds 
to almost 30% of the leaf N demand in the studied meadows (chapter 4). Sea urchins consume 
leaf material and prevent the export of this material. Old leaves are still photosynthetically 
active but become more susceptible to detachment due to mechanical stress and increased epi-
phyte loading (Hemminga & Duarte 2000). When these leaves break off from the plant, they 
are still buoyant and may easily be transported out of the meadow. Grazing of these leaves by 
e.g. sea urchins before they detach prevents loss of this material. Since the urchins are slow 
moving and the retention time in the guts is low, the faeces with negative buoyancy (personal 
observation) are deposited close to the location of grazing within the meadow. The main her-
bivorous fish species in the meadows were the Scaridae Calotomus spinidens and Leptoscarus 
vaigiensis (chapter 6). Scarid fish herbivory [12] estimations correspond to around 10 to 15% 
of seagrass leaf production (Klumpp et al. 1989). Herbivorous fish species may migrate and 
excrete (part of ) their faeces outside the meadow [17]. This will result in a loss of N from the 
meadow. Besides direct export of grazed seagrass leaf material, fish may also indirect enhance 
export of leaf material. Fish bite marks weakens the seagrass leaf structure and increase leaf 
detachment, resulting in leaf loss rates up to five times the amount of consumed leaf material 
(Unsworth et al. 2007a). On the other hand, fish species like Hemiramphus far consume sea-
grass leaves floating at the water surface (personal observation), and may prevent export of this 
leaf material from the meadows. Overall the mobility or migration pattern of the herbivores 
largely define whether the consumed seagrass material will be maintained within or is lost from 
the meadow.
The food web analysis (chapter 6) shows that small amphipod species also consumed sea-
grass material in these tropical meadows. Although no further investigation is made to estimate 
the impact of these small nondescript organisms, studies from other meadows indicate that 
amphipods may be an important herbivore on seagrasses (Duffy et al. 2001). The burrowing 
shrimp Alpheus macellarius actively remove leaf material from seagrass shoots, but the low den-
sity of these shrimps made their impact on the meadow low. This in contrast to the burrowing 
shrimp Neaxius acanthus which collects detached leaf material [14]. This leaf material is trans-
ported through the meadow by tidal currents and waves. N. acanthus passively waits until this 
litter floats in the vicinity of the entrance and pulls the material into the burrow. Without these 
burrowing shrimps most of the detached leaf material is expected to be transported out of the 
meadow. Leaf N collection of the two studied burrowing crustaceans (chapter 5) corresponds 
to around 50% of the total leaf N demand (Table 5-3), indicating they play an important role 
in the N cycling of tropical seagrass leaf material. 
Overall the dense meadow had higher fauna densities compared to the sparse meadow 
(chapter 3). However, the leaf herbivory and collection of the studied species (T. gratilla, 
A. macellarius and N. acanthus) relative to the seagrass leaf production was equal between 
the meadows. This indicates that the influence of these species on the N dynamics of the sea-
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grasses was comparable. The dense meadow also had higher densities of large bivalves, includ-
ing Atrina vexillum, Pinna muricata, Malleus albus, and Modiolus micropterus. These bivalves 
influence the N dynamics of seagrass meadows by filtering [26] particulate organic N (PON), 
which includes small seagrass fragments, from the water column and deposit their faeces on 
the sediment (Peterson & Heck 2001b). The deposition of organic matter by bivalves [27] 
enriches the sediment and may after decomposition increase the nutrient availability. PON is 
not available for uptake by seagrasses, so these bivalves are supplementing the capacity of the 
meadow to catch N sources from the surroundings and enhance N retention of the meadow. 
This effect may thus be higher in the dense canopy meadow. 
The food web analysis (chapter 6) showed that a large number of fauna species depends 
on epiphytes. No estimation of epiphyte production [4] was made in the studied meadows, but 
it has been shown that epiphyte production may consist of about half of the primary produc-
tion of seagrasses in meadows (Borowitzka et al. 2006). Epiphytes appear to dominantly fuel 
the food webs in many seagrass meadows. However, in the studied meadows a substantial 
part of the food web depended on seagrass material, up to the benthic top predator, the ray 
Taeniura lymma. Thus part of the seagrass production consumed by primary consumers is 
transferred to higher trophic levels [33]. Not all N from collected or ingested seagrass material 
by primary consumers is assimilated. Burrowing shrimps only use a small fraction of the N 
from the collected leaf material for growth and reproduction (Abed-Navandi et al. 2005). It is 
therefore assumed that most of the seagrass material will decompose in the burrows [23]. From 
the seagrass intake by T. gratilla only about 40% is assimilated (Koike et al. 1987), accounting 
for 3.60 g N m-2 yr-1 in the dense and 1.76 g N m-2 yr-1 in the sparse meadow. This indicates 
that an amount corresponding to about 10% of the leaf N demand is actually removed by 
this sea urchin. The remaining not assimilated part of the leaf material consumed by seagrass 
herbivores is excreted as faeces [17, 18] and dissolved N sources [25]. Once the leaf material 
is deposited on or in the sediment small infauna species, like sipunculids (chapter 6), use this 
material as food source. The collection and shredding of leaf material by macrobenthic species 
may thus facilitate infauna species and part of the seagrass material is further processed in the 
sediment. 
Decomposition of seagrasses
Faeces from herbivores excreted within the meadow enter the pool of seagrass detritus 
together with detached seagrass leaf and belowground material. This material decomposes [23] 
either on top of the sediment or within the sediment, partly due to bioturbation activity [21] 
and collection by burrowing crustaceans. The low accumulation of litter in the meadows can 
be explained by high decomposition rate of tropical seagrass leaf material (0.023 to 0.070 d-1; 
chapter 8). The decomposition rate of these tropical species is among the highest rates for sea-
grass leaf material (cf. Mateo et al. 2006). Taking fauna activity into account, decomposition 
of seagrass leaf material may even be stimulated. Fauna species provide a quite rapid process 
of fragmentation of seagrass leaves, often within days, as compared to mechanical fragmenta-
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tion by water movements (Valentine & Duffy 2006). The finely fragmented faeces excreted 
by herbivores stimulate both leaching and microbial decomposition of the seagrass material. 
Also the high number of small fauna species in the sediment like sipunculids process seagrass 
detritus and enhance microbial decomposition of this material. However, the detritus pool also 
consists of belowground material which is expected to be more refractory and to have lower 
decomposition rates compared to the nutrient rich leaf litter. The average detritus decomposi-
tion rate in these tropical meadows can be estimated assuming steady state (no accumulation 
of detritus) and no other sources of N for production, thus the N demand for production of 
seagrass equals regeneration of N from litter. Above- and below ground N demand for seagrass 
production in the studied meadows ranged from 0.07 to 0.12 g N m-2 d-1 (Table 7-1) and 
the detritus pool was 10.2 to 12.6 g N m-2. The calculated detritus decomposition rate using 
formula 8-1 ranges than from 0.007 to 0.010 d-1. This decomposition rate is much lower than 
the leaf decomposition rate calculated in chapter 8, but probably a better indication for the 
decomposition of the total detritus pool.
The N content of the seagrass detritus is altered during microbial decomposition. Attach-
ment of exogenous N (other than seagrass N) through microbial colonization and N2-fixation 
resulted in an input of N into detritus material [20]. This exogenous N may contribute to 
around 25% of the total seagrass litter N content (chapter 8). This can result in an influx of N 
for the meadow or an increased retention of N within the meadow. The average δ15N values 
(3.11‰) of the seagrass leaves in the meadow indicate that microbial N2-fixation [31] in 
the studied meadows did not result in an extensive input of N. Meadows with δ15N values 
around 0‰ (atmospheric N2 gas) for primary producers are indicative of large microbial N2-
fixation. N2-fixation was not measured in our meadows, but based on other studies (Moriarty 
& Odonohue 1993, Blackburn et al. 1994) we know that the range of N input into tropical 
meadows through N2-fixation is large and accounts for around 2.7 to 15 g N m
-2 yr-1. Although 
there is an input of N into decomposing litter material, overall microbial decomposition of 
seagrass litter will result in a release of N from the litter, both as dissolved inorganic N (DIN) 
and dissolved organic N (DON) sources [23].
Dissolved N and N uptake by seagrasses
Release of DIN and DON from detritus can be directly in the water column, in the sedi-
ment or in burrows. Exchange of water and dissolved N between the water column and pore-
water can be induced by hydrodynamics (wave and currents) and bioventilation [24]. The latter 
may generate an important N flux. Burrowing shrimps like N. acanthus collect large amounts 
of seagrass material in their burrows which is shredded by the shrimp (chapter 5). Increased 
oxygen concentrations will stimulate decomposition in the burrows compared to decompo-
sition in the surrounding sediment. The intermediate oxygen saturation levels and pH values 
in the burrows of N. acanthus compared to the water column (which was higher) and the pore-
water (lower) indicates water exchange between the water column and burrow. Observations 
on N. acanthus showed that the shrimps ventilate their burrows. This bio-ventilation results in 
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an influx of oxygen-rich water into the burrow, but also creates an efflux of water. The efflux 
water contains dissolved nutrients regenerated from the seagrass detritus through decompo-
sition and is directed both to the water column and to the pore-water (Meysman et al. 2006). 
Besides decomposing seagrass material, fauna species are also sources of DIN and DON 
through excretion of part of the N consumed after digestion. Koike et al. (1987) calculated 
that of the total N intake of T. gratilla 30% is excreted as NH4+. This accounts for 2.70 g N 
m-2 yr-1 (corresponding to 8.5% of leaf N demand) in the dense meadow and 1.32 g N m-2 yr-1 
(corresponding to 8.9% of leaf N demand) in the sparse meadow. 
The dissolved N released by fauna species or after decomposition of detritus can be taken 
up by seagrasses, both as dissolved inorganic N (DIN; NO3
- and NH4
+) as well as dissolved 
organic N (DON; amino acids and urea) with leaves and roots (chapter 7). Uptake of urea 
requires energy (Tyler et al. 2005) and was mainly performed by the leaves besides the uptake 
of NO3
- and NH4
+, while roots preferred amino acids besides NH4
+. The ability to take up 
DON enables seagrasses to short-cut N cycling and gives them direct access to additional N 
resources. The amino acid and NH4
+ uptake by the roots may provide the seagrasses a competi-
tive advantage over other primary producers like macroalgae and pelagic microalgae living in 
nutrient-poor environments. The relative importance of DIN and DON for the N demand of 
macrophytes depends on availability and the preferences of the macrophytes. Both N pools are 
generally elevated in sediment relative to the water column (see also McGlathery et al. 2001). 
Despite higher concentrations in pore-water, root and leaf uptake of DIN for seagrasses is 
often found to be in balance, as calculated by Stapel et al. (1996a) and Lee & Dunton (1999). 
In the studied meadows, total DIN concentration was comparable to urea in the water column. 
Although the leaf uptake rate for urea is lower compared to the uptake rates for the DIN 
sources NH4
+ and NO3
-, urea molecules contain two N atoms and therefore the importance of 
DIN and urea as N source for leaf uptake may be comparable for seagrasses. The comparable 
uptake rates of NH4
+ and amino acids by roots combined with the high DON pool in the sedi-
ment indicates that organic N uptake from pore-water may be more important than NH4
+. 
The high affinity and the ability to take up DIN and DON for seagrasses results in 
an efficiently re-use of the N released from detritus by seagrasses within the meadow. Using 
litterbags as point source of decomposing litter showed that seagrasses are able to retain 
released N from litter within the meadow (chapter 8). The overall retention capacity of the 
meadow is expected to be even more efficient, since other primary producers like epiphytes 
were not included in that study. Although litter can not often be considered a point source 
in these shallow meadows due to hydrodynamic forces, burrow entrances of N. acanthus can 
be considered point sources of N released from collected seagrass litter decomposing in the 
burrow. Seagrasses growing in the vicinity of the burrow entrance can efficiently take up the 
N released from the burrows with their leaves. Other fauna species can also be considered as 
(mobile) sources of DIN and DON and as long as they remain within the meadow the sea-
grasses can use these sources as well. 
The dense seagrass vegetation positively influenced the N retention within the meadow. 
Modelling the uptake efficiency of N released from litter showed that increasing canopy den-
sity resulted in increasing uptake efficiency (chapter 8). This is assumed to be caused by the 
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longer residence time of released N, due to the reduced water exchange in dense canopies (cf. 
Koch et al. 2006) and the increased surface area of the leaves, enhancing the uptake capacity of 
the canopy (cf. Thomas et al. 2000). Meadows with higher canopy density have an enhanced 
particle trapping capacity and reduced resuspension of particles (Koch et al. 2006), resulting 
in increased sedimentation and retention of detritus particles within the dense meadows com-
pared to sparse meadows. Overall, this indicates that densely vegetated meadows are more effi-
cient in the retention of N within the meadow. The enhanced retention of N in dense meadow 
is also needed to maintain there higher productivity and associated relative loss of leaf material 
from the plant, 58% of the total seagrass N demand, compared to 45% of the total seagrass N 
demand the sparse meadow (chapter 2). This indicates that seagrass meadows can maintain 
the balance between N-expenditure and N-availability within the boundaries of the meadows 
under different conditions. 
Seagrass species co-existence
Differences in N dynamics between the three co-occurring species T. hemprichii, 
H. uninervis, and C. rotundata may also influence co-existence and competition in these N-
poor meadows. In this thesis differences between species were determined for the N demand 
Figure 9-2. Relative distribution of fluxes for N incorporated into leaf material for the (A) dense canopy 
and (B) sparse canopy meadow, based on estimations made in this thesis and from literature. The rates of 
these fluxes were slightly overestimated (comparable to 16-19% of leaf N demand), but were comparable 
for both meadows.
N incorporated into leaf material
A B
leaf resorption
sh grazing
sea urchin grazing
burrowing shrimps
export
142
Chapter 9 General  discussion
143
of leaf production (chapter 2), herbivory preference of T. gratilla (chapter 3), DIN and DON 
uptake kinetics and preferences (chapter 7).
The seagrass species have differences in N demand and relative importance of leaf produc-
tion to total plant production (chapter 2). The colonizing species H. uninervis (leaf N demand 
66 to 84% of total N demand) and C. rotundata (74 to 82%) had higher leaf N demand rela-
tive to total N demand compared to the climax species T. hemprichii (49 to 58%). Since the N 
resorption was comparable for all species, this implies that colonizing species are more prone 
to N loss associated with leaf detachment and that N dynamics of seagrass leaves may influ-
ence the competition between seagrass species in nutrient-poor offshore meadows. Over a 
longer time span T. hemprichii (climax species) may be more competitive in the nutrient-poor 
offshore meadows, while pioneer species may take advantage in periods of temporary high 
nutrient availability, as shown too in the Caribbean by Fourqurean et al. (1995).
Differences in grazing intensity on the individual seagrass species may result in a shift 
of dominancy in the meadow. Tripneustes gratilla herbivory resulted in a significant change of 
relative aboveground abundance between the species (chapter 4). The aboveground biomass 
of T. hemprichii relative to total aboveground biomass increased significantly (p = 0.042) from 
37 to 68% of the total seagrass biomass after 2 months in an in situ grazing experiment. This 
change in aboveground dominance towards T. hemprichii can be caused by differences in survi-
val of the three seagrass species enclosed or by preference of T. gratilla to feed on the pioneer 
species C. rotundata and H. uninervis over the climax species T. hemprichii. Premature loss of 
leaf fragments is often caused by fauna species and can be indicative for the total grazing pres-
sure on seagrasses. However, the loss of leaf fragments was comparable between all studied 
species (chapter 2), indicating that the total grazing pressure was comparable for all studied 
seagrass species. On the other hand, shifts in dominance of herbivores in tropical meadows 
may result in a change of seagrass species composition. 
The uptake preferences and rates for DIN and DON sources were different between the 
species, both for leaves and roots (chapter 7). Uptake kinetics for the DIN sources (NO3
- and 
NH4
+) and the DON sources (urea and amino acids) varied largely between species. Halodule 
uninervis had the lowest leaf and the highest root uptake rates, indicating that the relative 
importance of leaf and root uptake may be different for co-occurring species. Dissolved N 
sources have different δ15N signatures due to their origin and bacterially-intermediated 
processing (Robinson 2001). Differences in the relative utilization of DIN and DON sources 
between T. hemprichii, H. uninervis, and C. rotundata is also indicated by the differences in 
δ15N signatures of these co-occurring species (chapter 6). Since the δ15N signatures of the DIN 
and DON sources and their year-round availability are unknown, we are unable to estimate 
which seagrass species had an advantage in the meadows.
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Conclusions
The work presented in this thesis showed that the detachment of leaves and leaf fragments 
causes the main loss of N from seagrasses. Focussing on the fluxes from the N incorporated 
into leaf material presented in Fig. 9-1, e.g., internal resorption [5], fish and sea urchin grazing 
[12 and 13], collection by burrowing crustaceans [14] and export of litter [29], reveals that the 
values are an overestimation of the N fluxes by 16 to 19% of the leaf N demand. By comparing 
the relative importance of all these known fluxes from N incorporated in leaf material (Fig. 
9-2) it becomes clear that the main part of this material is processed by different fauna species, 
comparable to around 75% of the N incorporated into leaf material. The collection of seagrass 
leaf material by crustaceans in their burrows and the grazing by sea urchins will decrease the 
export and loss of N from the meadow. Although fauna species use some of the N for growth 
and reproduction, the largest part is released again in the meadow. The processing of leaf 
material by fauna and the high decomposition rate will result in a fast regeneration of the N 
incorporated in seagrass litter. Once released as dissolved N, either organic or inorganic, the N 
becomes available again and is efficiently taken up by seagrass roots and leaves. Differences in N 
dynamics induced by growth strategy, herbivory and N uptake also influence co-existence and 
competition between seagrasses in tropical Indo-Pacific meadows. Under nutrient-poor condi-
tions this may result in a shift in species distribution towards the climax species T. hemprichii, 
while increased N availability will probably enhance the colonizing species H. uninervis and 
C. rotundata. Increase in seagrass canopy density results in a relative higher loss of N through 
leaf detachment in dense canopy meadows compared to sparse canopy meadows, but the up-
take of regenerated N is more efficient and the N retention is enhanced within dense canopy 
meadows. To extend the knowledge about N cycling in the meadow from the seagrasses to 
the whole seagrass community the unknown or poorly defined N fluxes from Fig. 9-1, e.g., 
epiphytes (production and grazing), microbial processes (N2-fixation and denitrification) and 
processes within the sediment (bioturbation and bioirrigation) have to be studied . 
Overall I conclude that seagrass leaf collection and grazing by fauna within the meadow 
accounts for the main N flux of seagrass leaf material and form an important link in the N 
cycling of tropical meadows by preventing export of leaf material and enhancing decomposition 
via the detrital pathway, resulting in the regeneration of N (DIN and DON), which is directly 
available for uptake by leaves and roots, and result in an efficient recycled of N by the seagrasses 
within the meadow, as formulated in the hypothesis of this thesis. Considering the nutrient-
poor, highly dynamic environments in which these meadows grow, this N cycling outside the 
living plant may seem paradoxal and to result in a large loss of N. However, tropical mead-
ows appear to be perfectly adapted to the constraints imposed on the seagrasses by the hydro-
dynamic conditions of their environment, which results in a short leaf lifespan and low leaf N 
resorption. Seagrass meadows with a higher N loss through leaf detachment (dense canopies) 
appear to be able to compensate for this loss by a more efficient uptake of regenerated N within 
the meadow. The interactions between seagrasses, fauna species and microorganisms result in 
an efficient N (re)cycling within the meadow. Tropical seagrass meadows are therefore able to 
flourish in open and highly dynamic, nutrient-poor, coastal environments.
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Seagrasses occur in shallow coastal waters around the world, forming meadows on soft 
bottom substrates which provide structure, enhance productivity and increase fauna densities. 
In the tropical Indo-Pacific, seagrasses show the highest biodiversity. Meadows often consist 
of co-occurring seagrass species and maintain a high productivity. Nitrogen (N) is one of the 
main nutrients for all living organisms. Leaf production accounts for the main N demand of 
seagrasses and low resorption of N from senescing leaves and short leaf longevity identifies leaf 
detachment as the main loss process of N from the living plants. In Indonesia many seagrass 
meadows occur on offshore islands characterized by low N availability and high hydrodynamic 
stress induced by currents and waves. Import of N from adjacent ecosystems is not self evident, 
suspecting seagrass meadows having an efficient recycling of N within the meadow to maintain 
the high productivity. Therefore, it has been hypothesized that these seagrass meadows are 
largely self-sustaining and that most N is efficiently re-used within the system. Fauna species 
process seagrass leaves by direct grazing or collection of litter in the meadow. Herbivores may 
remove a substantial amount of leaf material, while other species collect this material in their 
burrows. Part is the leaf material is assimilated, while the remaining part is excreted or left in 
the burrows. Microbial decomposition of this remaining part is a major pathway to regenerate 
N from leaf litter and fauna pallets. Via this detrital pathway dissolved inorganic N sources 
are released and become available for uptake by seagrasses to replenish the N loss due to leaf 
detachment. Differences between seagrass species for leaf N loss, herbivory rate and uptake 
may influence the competition and co-occurrence within the meadow. The seagrass canopy 
density may also influence the N dynamics of the meadow, since this affects the hydrodynamics 
in the meadow. The above observations lead to the hypothesis of this thesis that fauna species 
may form an important link in the nitrogen cycle of tropical seagrass ecosystems, which makes 
it possible that substantial amounts of seagrass associated N is recycled inside the meadow, but 
outside the living plants via tight coupling of litter decomposition and uptake of regenerated N 
by seagrass leaves and roots (the ‘detrital pathway’). This in spite of the highly hydrodynamic 
environments in which many offshore seagrass meadows occur, which is expected to result 
in a large loss of detached seagrass material. The effect of growth strategy for co-occurring 
species on N dynamics is also addressed. The studies presented here provide data with regard 
to plant physiological processes, decomposition and plant-animal interactions. All studies 
were performed in two adjacent meadows with different canopy densities consisting of the co-
occurring seagrass species Thalassia hemprichii, Halodule uninervis and Cymodocea rotundata. 
The meadows were located on Bone Batang, an uninhabited island located ~15 km offshore in 
the Spermonde Archipelago, South Sulawesi, Indonesia.
In chapter 2 the seagrass species composition, biomass and production of the meadows 
were first characterized. The leaf biomass and production per shoot was higher for all three 
species growing in the dense meadow compared to the sparse. The leaf N demand relative to 
total N demand was higher for H. uninervis accounting for 66 to 84% of total plant N demand, 
and C. rotundata (74 to 82%) compared to T. hemprichii (49 to 58%). Internal N conservation 
through resorption from senescing leaves (comparable to 17 to 20% of leaf N demand), and 
loss of N through premature loss of leaf fragments (25 to 35%) and detachment of the oldest 
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leaves (48 to 57%) were comparable for all species and no influence of canopy density was 
measured. Combined, this indicates that N loss through detachment of leaf material is rela-
tively higher for H. uninervis and C. rotundata compared to T. hemprichii, indicating that the 
latter one may be less depending on external N input. Total N demand for seagrass production 
was 44 g N m-2 yr-1 in the dense and 27 g N m-2 yr-1 in the sparse meadow, with leaf production 
accounting for 71 and 54% respectively. Total loss of N through leaf detachment accounted for 
the main loss of N from the plants, 26 g N m-2 yr-1 or 58% of the total N demand in the dense 
meadow and 12 g N m-2 yr-1 or 45% in the sparse meadow. This indicates that dense and high 
productive meadows are more prone to N loss through leaf detachment compared to sparse 
and low productive meadows.
Seagrass meadows provide habitat for invertebrates and fish species. Higher seagrass 
canopy density increases habitat complexity, which reduce predation risks and enhance food 
supply. Chapter 3 shows the densities of fish and invertebrates in the studied meadows. The 
most abundant fauna present in the seagrass meadows were small infauna species. Invertebrate 
species accounted for 99.5% of the total fauna density in the meadow. The meadow with the 
higher canopy density showed a higher fauna densities compared to the more open canopy 
meadow. Mainly fish species, sea urchins and bivalves had higher densities in the dense canopy 
meadow. Large bivalve densities were higher towards the interior of the dense meadow.
Historically large vertebrates like the dugong and the green turtle have been dominant 
grazers in seagrass meadows. However, their numbers have been decimated by human activi-
ties and their occurrence in the studied meadows was very rare. Important grazers present in 
the meadows included sea urchins, burrowing crustaceans and fishes. Herbivory by the sea 
urchin Tripneustes gratilla on the co-occurring seagrass species T. hemprichii, H. uninervis, and 
C. rotundata was studied in chapter 4. Grazing by T. gratilla did not influence seagrass shoot 
density or areal leaf production, but influenced the species composition of the seagrass canopy. 
The relative aboveground biomass of T. hemprichii increased significantly from 37 to 68% of 
the total biomass, while C. rotundata biomass declined significantly from 25 to 11%. This 
change in aboveground dominance towards T. hemprichii can be caused by differences in sur-
vival of the three seagrass species enclosed or by preference of T. gratilla to feed on the pioneer 
species C. rotundata and H. uninervis over the climax species T. hemprichii. Grazing resulted in 
an increase in the leaf N-concentration for H. uninervis and C. rotundata due to removal of old 
leaf material. Total herbivory by T. gratilla in the dense meadow at an average urchin density 
of 1.55 ± 0.07 m-2 was calculated to be 1.28 g DW m-2 d-1. This corresponded to 26% of the 
net aboveground seagrass production, indicating T. gratilla consumes a considerable amount 
of the leaf production.
Burrowing crustaceans may provide an important role in the conservation of litter 
material in seagrass meadows, as shown before in mangroves. The activity of the burrowing 
shrimps Neaxius acanthus and Alpheus macellarius in seagrass meadows are described in chap-
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ter 5. Alpheus macellarius harvested 0.70 g DW burrow-1 d-1 seagrass material, dominantly 
by active cutting of fresh seagrass leaves. Neaxius acanthus collected 1.66 g DW burrow-1 d-1, 
mainly detached leaves which floated past the burrow entrance. The A. macellarius and N. 
acanthus communities together collected in their burrows an amount of seagrass leaf material 
corresponding to more than 50% of the leaf production in the meadows studied. In the burrow 
most of the collected material is shredded into pieces. Phosphate concentrations measured in 
N. acanthus burrows compared to pore-water and water column concentrations suspects that a 
substantial amount of the seagrass material undergoes decomposition in the burrows. Oxygen 
levels measured in these water bodies are indicative for a possible exchange of water between 
the burrow and its surroundings, most likely supported by the shrimps ventilating their bur-
rows. By collecting leaf material in their burrows, nutrients that are otherwise lost from the 
seagrass meadow associated with detached leaves and leaf fragments carried away in the water 
column, are maintained in the meadow and may form an important recycled source of nutri-
ents.
Fauna species living in seagrass meadows depend on different food sources, with seagrasses 
often being not important for higher trophic levels. Chapter 6 describes a food web study using 
stable isotope (δ13C and δ15N) signatures of primary producers, particulate organic matter 
(POM) and fauna species. Phytoplankton and water column POM were the most depleted 
primary food sources for δ13C (range -23.1 to -19.6‰). Large bivalves and some fish species 
depended partly on these sources for carbon. Epiphytes and Sargassum sp. had intermediate 
δ13C values (-14.2 to -11.9‰). Sea urchins, gastropods and certain fish species were the main 
species assimilating this material. Seagrasses and sedimentary POM had the least depleted 
δ13C values (-11.5 to -5.7‰). Between the five seagrass species significant differences in δ13C 
were measured. The small species Halophila ovalis and H. uninervis were most depleted, the 
largest species Enhalus acoroides was least depleted, while T. hemprichii and C. rotundata had 
intermediate values. This indicates that the larger seagrass species are less able to discriminate 
against 13C during photosynthesis, partly due to a decreased surface:volume ratio. About half 
of the fauna species analyzed (total 55 species) had δ13C values higher than the most enriched 
non seagrass source, indicating they depended at least partly for their food (in)directly on sea-
grass material. 14 fauna species, accounting for ~10% of the total fauna density, were shown 
to assimilate dominantly seagrass material, either directly or indirectly by feeding on seagrass 
consumers. These species ranged from amphipods up to the benthic top predator Taeniura 
lymma (stingray). This study shows that seagrass material is important for the food web in 
tropical seagrass meadows. This is in contrast to the marginal importance of temperate seagrass 
material for food webs, which may be explained by the relative high palatability of fast growing 
tropical seagrass species, compared to temperate seagrasses.
Seagrasses can take up dissolved inorganic N (DIN) to replenish N lost from the 
plants. However, most of the dissolved N in oligotrophic seas is present as dissolved organ-
ic N (DON). In chapter 7 the uptake of urea and amino acids were compared with that of 
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ammonium (NH4
+) and nitrate (NO3
-), and uptake kinetics of amino acids were determined 
for the seagrasses T. hemprichii, H. uninervis, and C. rotundata, in comparison with the macro-
algae Sargassum sp. and Padina sp. Uptake rates of small dissolved N substrates for macroalgae 
were higher than those for seagrass leaves for all N substrates, but the seagrass roots also had a 
considerable uptake capacity. Seagrass leaves preferred urea, NH4
+, and NO3
- over amino acids 
and there were differences between species. Seagrass roots took up amino acids at rates compa-
rable to NH4
+, while uptake rates of urea and NO3
- were much lower. In nutrient-poor environ-
ments, uptake of amino acids and NH4
+ by roots may provide seagrasses with a competitive 
advantage over macroalgae. The importance of DIN comparable to urea as N source for leaf 
uptake may be equal for seagrasses. The comparable uptake rates of NH4
+ and amino acids by 
roots combined with the high DON pool in the sediment indicates that organic N uptake 
may be more important than NH4
+. The ability of seagrasses to take up DON enables them to 
directly access dissolved organic nitrogen: i.e., the N recycling pathway is short-cut because no 
mineralization step is involved. DON uptake provides seagrasses with an efficient mechanism 
to sustain high productivity in an environment depleted in inorganic nutrients.
Microbial decomposition of is a major pathway to regenerate N from leaf litter. Via 
this detrital pathway dissolved N is released and becomes available for uptake by seagrasses. 
Chapter 8 describes a litter bag experiment using 15N-enriched leaf material (δ15N ~500) to 
measure the input of N into litter of the seagrasses T. hemprichii, H. uninervis and C. rotundata 
during decomposition and simultaneous uptake of N regenerated from this material by the 
surrounding seagrass community. The biomass decomposition rates (k) for these tropical sea-
grasses were high (0.023-0.070 d-1). Litter N-concentration declined during decomposition, 
indicating an overall release of N during decomposition. Besides release of litter N, δ15N values 
declined too, indicating there was an input of N due to microbial colonization and N2-fixation 
on the litter material. This N input consisted of around 25% of the total standing stock litter 
N in the seagrass meadows. The seagrasses efficiently took up the regenerated N. The seagrass 
canopy density of the meadow plays a role in the uptake efficiency of N regenerated from litter. 
In dense canopy meadows, where the loss of N associated with the loss of leaves or leaf frag-
ments is higher, the re-uptake of regenerated N is more efficient compared to sparse canopy 
meadows. The high litter decomposition rates, substantial input of exogenous N into litter and 
efficient uptake of N released from litter suggest that N cycling outside the living plant and via 
the detrital pathway, is important to retain N in these nutrient-poor tropical meadows. 
Eventually, the results of the previous chapters are combined into a general discussion in 
chapter 9 in order to answer the hypothesis as stated in chapter 1. Combining the results from 
this thesis with existing knowledge about (tropical) seagrass meadows resulted in a schematic 
overview of the N dynamics of the studied meadows as an example for offshore tropical mead-
ows in the Indo-Pacific (Fig. 9-1). The work presented in this thesis showed that the detach-
ment of leaves and leaf fragments causes the major loss of N from seagrasses. The main part 
of this leaf material is processed by different fauna species, comparable to around 75% of the 
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N incorporated into leaf material. The collection of seagrass leaf material by crustaceans in 
their burrows and the grazing by sea urchins will decrease the export and loss of N from the 
meadow. Although fauna species use some of the N for growth and reproduction, the largest 
part is released again in the meadow. The processing of leaf material by fauna and the high 
decomposition rate will result in a fast regeneration of the N incorporated in seagrass litter. 
Once released as dissolved N, either organic or inorganic, the N becomes available again and is 
efficiently taken up by seagrass roots and leaves. Differences in N dynamics induced by growth 
strategy, herbivory and N uptake also influence co-existence and competition between sea-
grasses in tropical Indo-Pacific meadows. Under nutrient-poor conditions this may result in a 
shift in species distribution towards the climax species T. hemprichii, while increased N avail-
ability will probably enhance the colonizing species H. uninervis and C. rotundata. Increase in 
seagrass canopy density results in a relative higher loss of N through leaf detachment in dense 
canopy meadows compared to sparse canopy meadows, but the uptake of regenerated N is 
more efficient and the N retention is enhanced within dense canopy meadows. 
Overall I conclude that seagrass leaf collection and grazing by fauna within the meadow 
accounts for the main N flux of seagrass leaf material and form an important link in the N 
cycling of tropical meadows by preventing export of leaf material and enhancing decompo-
sition via the detrital pathway, resulting in the regeneration of N (DIN and DON), which is 
directly available for uptake by leaves and roots, and result in an efficient recycled of N by the 
seagrasses within the meadow, as formulated in the hypothesis of this thesis. Considering the 
nutrient-poor, highly dynamic environments in which these meadows grow, this N cycling 
outside the living plant may seem paradoxal and to result in a large loss of N. However, tropical 
meadows appear to be perfectly adapted to the constraints imposed on the seagrasses by the 
hydrodynamic conditions of their environment, which results in a short leaf lifespan and low 
leaf N resorption. Seagrass meadows with a higher N loss through leaf detachment (dense 
canopies) appear to be able to compensate for this loss by a more efficient uptake of regenerated 
N within the meadow. The interactions between seagrasses, fauna species and microorganisms 
result in an efficient N (re)cycling within the meadow. Tropical seagrass meadows are therefore 
able to flourish in open and highly dynamic, nutrient-poor, coastal environments.
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Zeegrassen zijn hogere planten die wereldwijd voorkomen in ondiepe kustwateren waar 
ze velden vormen met hoge productiviteit en dichtheden van fauna. Zeegrasvelden komen vaak 
voor op bodems van zand en grind, die gestabiliseerd worden door het uitgebreide wortelstelsel 
van de zeegrassen. Tussen de bladeren van het zeegras kunnen sediment en organische 
deeltjes bezinken, waardoor naburige ecosystemen zoals koraalriffen minder belast worden. 
Zeegrasvelden fungeren als schuilplaats en kraamkamer voor veel gewervelde en ongewervelde 
dieren. Door toenemende antropogene druk op kustsystemen, welke merkbaar is door een 
toename van voedingsstoffen en sediment in het water, en een hoge mate van exploitatie van 
de ecosystemen, verdwijnen wereldwijd zeegrasvelden. 
Zeegrassen hebben hun grootste diversiteit in tropisch Zuidoost Azië en de velden 
bestaan daar vaak uit verschillende soorten die naast en door elkaar heen groeien. In dit 
gebied met zijn vele duizenden eilanden vormen zeegrasvelden een belangrijk onderdeel 
van het kustecosysteem. Zuidoost Azië wordt daarnaast ook gekenmerkt door een hoge 
bevolkingsdruk en snelle economische ontwikkelingen. Dit leidt vaak tot een situatie waarbij 
zeegrasvelden onder druk komen te staan. Naast toename van sedimentatie door landerosie, 
het bouwen en baggeren aan de kust ten behoeve van economische doeleinden, en de toename 
van vervuiling, vormt eutrofiering één van de belangrijkste bedreigingen voor zeegrassen. Het 
is bekend dat bij hoge concentraties van voedingsstoffen in het water de zeegrasvelden worden 
overwoekerd door algen wat uiteindelijk leidt tot de verdwijning van de zeegrassen. Het herstel 
van zeegrasvelden nadat deze zijn verdwenen is zeer moeilijk en brengt hoge kosten met zich 
mee.
 Voor zeegrasvelden in Zuidoost Azië is nog weinig bekend over de cyclus van belangrijke 
voedingsstoffen zoals stikstof (N). Wetenschappelijke inspanningen in het verleden hebben 
laten zien dat in deze zeegrasvelden vaak een uitgebalanceerde verhouding lijkt te bestaan 
tussen consumptie- en productieprocessen. In zeegrasvelden op geïsoleerde eilanden komt 
ophoping van dode plantenresten bijna niet voor. De beschikbaarheid van N is laag, maar het is 
geen limiterende voedingsstof. Het lijkt er daarom op dat tropische zeegrasvelden een efficiënt 
hergebruik van N binnen het ecosysteem hebben. In Indonesië komen veel zeegrasvelden voor 
in een N-arme omgeving op eilanden ver uit de kust waar geen duidelijke import van N uit 
omliggende gebieden plaats vindt. 
De productie van bladeren vereist de grootste N-behoefte voor zeegrassen, echter de 
levenduur van bladeren is kort en tijdens het afsterven van het blad wordt slechts weinig van de 
N uit de bladeren geresorbeerd door de plant. Het afvallen van bladeren leidt dus tot een groot 
verlies van N voor de plant. De ondiepe gebieden waar zeegrassen voorkomen worden veelal 
ook gekarakteriseerd door een sterke hydrodynamica (golven en getijdenstroming) waardoor 
bladmateriaal gemakkelijk uit de zeegrasvelden getransporteerd kan worden, wat kan resulteren 
in een verlies van belangrijke voedingsstoffen. Het bladverlies uit deze zeegrasvelden is echter 
klein. Verschillende diersoorten die tussen het zeegras voorkomen kunnen de export en de 
dynamiek van zeegrasbladeren beïnvloeden. Een duidelijk voorbeeld hiervan zijn herbivoren 
die grazen op het zeegras. Andere soorten verzamelen bladmateriaal in ondergrondse gangen 
voor hun voedselvoorziening. Veel van dit bladmateriaal verteert door microbiële activiteit en 
hierdoor komen de voedingsstoffen weer beschikbaar voor opname door zeegrassen. Dit leidt 
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naar de hypothese van dit proefschrift (hoofdstuk 1): Diersoorten vormen een belangrijke schakel 
in de N-cyclus van tropische zeegrasecosystemen, die het mogelijk maakt dat grote hoeveelheden N 
uit zeegras bladmateriaal worden gerecycled in het zeegrasveld, buiten de levende zeegrasplanten, 
door een goed op elkaar afgestelde koppeling van de decompositie van bladmateriaal en opname 
van vrijgekomen N door de bladeren en wortels van zeegrassen. Dit proces speelt zich af ondanks de 
sterke hydrodynamica in deze ecosystemen, die juist tot een groot verlies aan N zou moeten leiden. 
Dit proefschrift beschrijft de dynamiek van N in zeegrasplanten in de Spermonde Archipel, 
Zuid Sulawesi, Indonesië. Het onderzoek is toegespitst op de zeegrassoorten Thalassia 
hemprichii, Halodule uninervis en Cymodocea rotundata, die voorkomen in gemengde velden 
met verschillende dichtheden van bladeren rond het koraaleiland Bone Batang (Fig. 1-1). 
Onderlinge verschillen in de N-dynamiek van de zeegrassoorten zijn ook bestudeerd. 
In hoofdstuk 2 worden de twee bestudeerde zeegrasvelden beschreven wat betreft het 
voorkomen, de biomassa en de productie van zeegrassen. Het zeegrasveld met de dichte 
vegetatie had een grotere bladbiomassa en -productie per scheut voor T. hemprichii in 
vergelijking met de open vegetatie. De relatieve N-behoefte voor de productie van bladeren 
ten opzichte van de N-behoefte voor totale productie van de scheut was hoger voor de 
koloniserende soorten H. uninervis (66 tot 84%) en C. rotundata (74 tot 82%) in vergelijking 
met de dominante (climax) soort T. hemprichii (49 tot 58%). De interne resorptie van N van 
afstervende bladeren (17 tot 20% van de N-behoefte van bladeren) en het verlies van N door 
het verlies van bladfragmenten (25 tot 35%) en verlies van de oudste bladeren (48 tot 57%) 
was vergelijkbaar voor alle soorten. Dit geeft aan dat het verlies van N door bladverlies hoger 
is voor de koloniserende soorten vergeleken met de climax soort. De totale N-behoefte voor de 
zeegrasproductie was 44 g N m-2 j-1 in de dichte vegetatie en 27 g N m-2 j-1 in de open vegetatie. 
Het totale verlies van N door het verlies van bladeren was 58% van de totale N-behoefte in de 
dichte en 45% in de open vegetatie. Dit laat zien dat velden met een dichte vegetatie en hoge 
bladproductie meer gevoelig zijn voor het verlies van N door bladverlies dan velden met een 
open vegetatie en lage bladproductie. 
Zeegrasvelden vormen een belangrijk leefgebied voor vele diersoorten die tussen 
de wortels, op en tussen de bladeren of in het water boven het zeegras leven. Een hogere 
dichtheid van bladeren verhoogt de complexiteit van het leefgebied. Dit leidt vervolgens tot 
een verminderde predatiekans en een verhoogde voedselbeschikbaarheid voor dieren. De 
dichtheden van vissen en ongewervelde dieren (evertebraten) werd bestudeerd in hoofdstuk 3. 
De meest voorkomende dieren waren klein (< 2 cm) en leefden in het sediment. Het aandeel 
van evertebraten bedroeg 99,5% van de totale faunadichtheid. Het zeegrasveld met de hogere 
zeegrasdichtheid had meer fauna in vergelijking met het veld met de lage zeegrasdichtheid. 
Vooral vissen, zee-egels en grote schelpdieren kwamen meer voor in het eerstgenoemde veld.
Historisch gezien waren grote dieren, zoals de zeeschildpad en de zeekoe (dugong), 
de dominante grazers in zeegrasvelden. Door menselijk handelen zijn hun aantallen echter 
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gedecimeerd en hun aanwezigheid in de bestudeerde zeegrasvelden is nooit gesignaleerd. Op dit 
moment zijn de belangrijkste grazers van zeegrassen onder andere zee-egels, garnalen en vissen. 
Hoofdstuk 4 beschrijft een studie waarin begrazing door de zee-egel Tripneustes gratilla op de 
zeegrassen wordt bestudeerd met behulp van kooien (enclosures) die in het zeegrasveld geplaatst 
werden. Tripneustes gratilla beïnvloedde niet de totale scheutdichtheid of de bladproductie van 
de zeegrassen, maar zorgde wel voor een verandering in het voorkomen van de zeegrassoorten. 
De relatieve bovengrondse biomassa van T. hemprichii nam significant toe van 37 tot 68% van 
de totale biomassa, terwijl de bovengrondse biomassa van C. rotundata significant afnam van 
25 tot 11%. Dit kan het resultaat zijn van een voorkeur van de zee-egel voor pioniersoorten of 
van een verschil in gevoeligheid voor begrazing van de zeegrassoorten. Begrazing zorgde ook 
voor een toename van de N-concentratie in de bladeren van H. uninervis en C. rotundata, door 
verwijdering van oud bladmateriaal. De berekende N-inname voor T. gratilla was 15,9 ± 1,1 
mg N zee-egel-1 d-1. Totale begrazing in het dichte vegetatie zeegrasveld, met een gemiddelde 
T. gratilla dichtheid van 1,55 ± 0,07 m-2, was 1,28 g blad drooggewicht m-2 d-1. Dit komt overeen 
met 26% van de bladproductie van het zeegras en geeft aan dat T. gratilla een behoorlijke 
hoeveelheid van de bladproductie consumeert. 
Voor mangroves is aangetoond dat gravende krabben die in holen in de grond leven 
veel bladmateriaal verzamelen en hiermee dit materiaal vasthouden in dit ecosysteem. Voor 
zeegrassen is het mogelijk dat dit soort bodemorganismen ook een belangrijke functie vervullen. 
De activiteiten van de gravende garnaalsoorten Neaxius acanthus en Alpheus macellarius in de 
zeegrasvelden is beschreven in hoofdstuk 5. Alpheus macellarius knipte vooral bladeren van de 
zeegrasplanten, ongeveer 0,70 g drooggewicht blad garnaal-1 d-1. Neaxius acantus verzamelde 
voornamelijk voorbij drijvende losgeraakte bladeren, ongeveer 1,66 g drooggewicht blad 
opening-1 d-1. Gezamelijk verzamelden deze garnalen een hoeveelheid bladmateriaal die 
overeenkomt met meer dan 50% van de dagelijkse productie van zeegrasbladeren in de 
onderzochte velden. Dit materiaal werd fijn gehakt onder de grond. De fosfaatconcentratie 
in de holen van N. acanthus gaf aan dat een behoorlijk deel van het bladmateriaal aan afbraak 
onderhevig is. Zuurstofwaarden in deze holen gaven een indicatie voor een mogelijke uitwisseling 
van water tussen de holen en de omgeving, mogelijk gestimuleerd door bio-irrigatie van de 
garnaal. Door bladmateriaal te verzamelen houden de garnalen mogelijk voedingsstoffen vast 
die anders met het bladmateriaal geëxporteerd worden, en hun holen kunnen een belangrijke 
bron van opnieuw beschikbare voedingsstoffen vormen.
Organismen die in zeegrasvelden leven zijn afhankelijk van verschillende voedselbronnen. 
In zeegrasvelden in gematigde gebieden is aangetoond dat zeegrasmateriaal vaak geen 
belangrijke voedselbron is door de lage voedingswaarde ten opzichte van algensoorten. 
Hoofdstuk 6 beschrijft een voedselwebstudie waarbij gebruikt wordt gemaakt van de stabiele 
isotopen signaturen (δ13C en δ15N) van primaire producenten, dood organische materiaal 
en fauna soorten. Door deze waarden van organismen te bestuderen kunnen voedselrelaties 
vastgesteld worden. Fytoplankton en organische materiaal in de waterkolom hadden de 
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laagste δ13C waarden (-23,1 tot -19,6‰). Grote tweekleppige schelpdieren en bepaalde vissen 
gebruikten deze bronnen gedeeltelijk als bron van koolstof. Epifyten en de macroalg Sargassum 
sp. hadden gemiddelde δ13C waarden (-14,2 tot -11,9‰). Zee-egels, zeeslakken en bepaalde 
vissen waren de belangrijkste soorten die deze voedselbronnen gebruikten. Zeegrassen en 
organisch materiaal in de bodem hadden de hoogste δ13C waarden (-11,5 tot -5,7‰). Tussen 
de vijf bestudeerde zeegrassoorten werden significante verschillen in δ13C waarden gemeten. 
De kleine soorten Halophila ovalis en H. uninervis hadden de laagste waarden, de grootste 
soort Enhalus acoroides had de hoogste waarden en T. hemprichii en C. rotundata waarden 
lagen daar tussen in. Dit duidt op verschillen in de efficiëntie van CO2-assimilatie tussen de 
soorten. Ongeveer de helft van de geanalyseerde fauna soorten (totaal 55 soorten) had een δ13C 
waarde die hoger was dan de hoogste niet zeegras voedselbron, wat aangeeft dat deze soorten 
voor tenminste een gedeelte van hun voedsel (in)direct afhankelijk zijn van zeegrasmateriaal. 
Veertien soorten (ongeveer 10% van de totale fauna aantallen) hadden zeegrasmateriaal als 
dominante voedselbron. Dit kan langs directe weg, zoals vlokreeften (amfipoden) die zeegras 
begrazen, of indirect via andere soorten, zoals de stekelrog Taeniura lymma (een bentische 
toppredator). De goede verteerbaarheid van de snelgroeiende tropische zeegrassen ten 
opzichte van zeegrassen uit gematigde klimaatsgebieden kan een aanwijzing zijn waarom 
zeegrasmateriaal in tropische velden wel een belangrijke voedselbron is. 
Zeegrassen verliezen N, onder andere door bladverlies, en kunnen opgeloste 
anorganische N-verbindingen (ammonium en nitraat) opnemen via de bladeren en wortels 
om hun N weer aan te vullen. De grootste hoeveelheid opgeloste N in tropische zeeën is echter 
aanwezig als opgeloste organische N-verbindingen, zoals ureum en aminozuren. Hoofdstuk 
7 beschrijft de opname van ammonium, nitraat, ureum en aminozuren door de zeegrassen 
T. hemprichii, H. uninervis en C. rotundata en de macroalgen Sargassum sp. en Padina sp. De 
opnamesnelheden van deze soorten zijn vergeleken om het belang van de verschillende N-
bronnen en de competitie voor deze bronnen tussen de verschillende soorten aan te kunnen 
tonen. Voor alle geteste N-bronnen waren de opname snelheden van de macroalgen hoger 
dan van zeegrasbladeren, maar zeegraswortels hadden ook een behoorlijke opnamecapaciteit. 
Zeegrasbladeren prefereerden ureum, ammonium en nitraat boven aminozuren, maar er waren 
verschillen tussen de zeegrassoorten. Zeegraswortels namen aminozuren op met vergelijkbare 
snelheden als ammonium, terwijl de opnamesnelheid voor nitraat en ureum veel lager was. 
Het belang van anorganische N-bronnen en ureum voor de opname door bladeren ligt op 
hetzelfde niveau, terwijl het lijkt dat voor wortelopname aminozuren misschien wel belangrijker 
kunnen zijn dan ammonium. De mogelijke opname van N via de wortels geeft zeegrassen een 
competitie voordeel ten opzichte van macroalgen in nutrient-arme gebieden. De mogelijkheid 
van opname van organische N-verbindingen geeft zeegrassen toegang tot extra N-bronnen en 
stelt hun in staat de N-recycling te verkorten, omdat er geen extra mineralisatiestap nodig is. 
Dit geeft zeegrassen de mogelijkheid om een hoge productiviteit te behouden in een omgeving 
met zeer lage beschikbaarheid van anorganische N-bronnen.
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Microbiële afbraak is een belangrijke route voor het regenereren van N uit afgevallen 
bladeren. Via deze decompositie komt opgeloste N vrij, dat geschikt kan zijn voor opname door 
zeegrassen. Hoofdstuk 8 beschrijft een decompositie experiment met behulp van gazen zakjes 
en 15N verrijkt bladmateriaal (δ15N ~500‰) om de toename van N tijdens de decompositie van 
bladmateriaal te meten en de opname van vrijgekomen N door de omliggende zeegrasvegetatie 
te kunnen bepalen. De decompositiesnelheden voor bladmateriaal van T. hemprichii, 
H. uninervis en C. rotundata waren hoog (0,023 tot 0,070 d-1). N concentraties namen af 
in het bladmateriaal gedurende de decompositie, wat aangeeft dat er N vrijkomt. De δ15N 
waarden namen ook af, wat aangeeft dat er een toename van N was door microbiële kolonisatie 
van het bladmateriaal. In het totaal is ongeveer 25% van de aanwezige N in bladdetritus in 
de zeegrasvelden microbiële biomassa. De zeegrassen namen efficiënt de vrijgekomen N op. 
Een hogere dichtheid van de zeegras bedekking gaf een betere retentie van het vrijgekomen N 
in het veld. De combinatie van hoge decompositiesnelheden van bladmateriaal, substantiële 
toename van N in afbrekend materiaal en een efficiënte opname van vrijgekomen N door de 
omliggende zeegrassen geeft aan dat er een N-cyclus aanwezig is buiten de levende plant om 
via de decomposite van detritus, die belangrijk is om N te behouden in deze nutriëntarme 
tropische zeegrasvelden.
Tenslotte worden de resultaten van alle voorgaande hoofdstukken gecombineerd 
tot een algemene discussie in hoofdstuk 9 waarbij de hypothese uit hoofdstuk 1 wordt 
gefalsifiseerd. De resultaten uit dit proefschrift, gecombineerd met de bestaande kennis over 
(tropische) zeegrasvelden resulteerde in een schematisch overzicht van de N dynamiek van de 
bestudeerde velden als voorbeeld van nutriëntarme zeegrasvelden in tropische Indo-Pacifische 
kustgebieden (Fig. 9-1). De processen uit de figuur worden bediscussieerd en zoveel mogelijk 
gekwantificeerd. Het verlies van N door het verdwijnen van bladmateriaal veroorzaakte de 
belangrijkste verliespost van N voor de zeegrassen. Het belangrijkste deel van dit materiaal wordt 
verwerkt door verschillende diersoorten in de velden, vergelijkbaar met ongeveer 75% van de 
N in bladmateriaal. Het verzamelen van bladmateriaal door gravende garnalen en de begrazing 
door zee-egels resulteert in een lage export en verlies van N voor de zeegrasvelden. De fauna 
gebruikt een deel van de N voor hun groei en reproductie, maar het grootste deel komt weer 
beschikbaar. Het fragmenteren van bladmateriaal door fauna en de hoge decompositiesnelheid 
resulteert in een snelle regeneratie van de N uit bladmateriaal. Als de N eenmaal vrijgekomen 
is, zowel als opgeloste anorganisch of organisch N, is het beschikbaar voor opname door de 
bladeren en wortels van zeegrassen. Verschillen in de N dynamiek van zeegrassoorten door 
de groeistrategie, begrazing en N-opname beïnvloeden ook het gezamenlijk voorkomen en de 
competitie tussen zeegrassen in Indo-Pacifische velden. Onder nutriëntarme omstandigheden 
kan dit resulteren in een verandering in het voorkomen van de soorten richting de climax 
soort T. hemprichii, terwijl onder toename van N-beschikbaarheid de koloniserende soorten 
H. uninervis en C. rotundata kunnen toenemen. Een hoge begrazingsdruk van zee-egels kan 
ook leiden tot een toename van de climax soort ten opzichte van de koloniserende soorten. 
Een hogere dichtheid van de zeegrasvegetatie resulteerde in een groter verlies van N door 
bladverlies. Dit hogere verlies in de dichte vegetatie wordt (deels) gecompenseerd door een 
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efficiëntere heropname van geregenereerde N in deze velden ten opzichte van de zeegrasvelden 
met open vegetatie.
Ik concludeer dat het verzamelen en begrazen van zeegrasbladeren door diersoorten 
binnen een veld als de belangrijkste N-flux van zeegras bladmateriaal gelden en een belangrijke 
schakel vormen in de N-cyclus van tropische zeegrasecosystemen, waardoor de export van 
dit materiaal wordt verkleind en de decompositie wordt gestimuleerd, wat resulteert in de 
regeneratie van N (als opgeloste (an)organische N) en direct beschikbaar is voor opname 
door de bladeren en wortels van de zeegrassen. Dit resulteert in een efficiënte recycling van N 
binnen het zeegrasveld, zoals geformuleerd in de hypothese van deze thesis. In acht nemende 
dat deze zeegrasvelden groeien in een nutriëntarme omgeving met een sterke hydrodynamiek, 
lijkt deze N-cyclus buiten de levende plant om paradoxaal en te resulteren in een groot 
verlies van N. Maar tropische zeegrasvelden blijken zich perfect aangepast te hebben aan de 
beperkingen die de hydrodynamiek van hun omgeving de zeegrassen oplegt, wat onder andere 
tot uitdrukking komt in een korte levensduur voor bladeren en een lage resorptie van N uit 
bladeren. De perfecte aanpassing van zeegrasvelden wordt ook duidelijk omdat velden met 
een hoger N verlies (dichte zeegrasvegetatie) dit blijken te compenseren door een efficiëntere 
opname van geregenereerd N in deze velden. De interacties tussen zeegrassen, fauna en micro-
organismen resulteert in een efficiënte N-cyclus binnen de velden. Daarom zijn deze tropische 
zeegrasvelden in staat om te gedijen in open kustsystemen met hoge hydrodynamica en lage 
nutriëntenbeschikbaarheid.
174
Ringkasan
176
Chapter 13 Ringkasan
177
Lamun (seagrass) adalah tanaman berbunga (Angiospermae) yang dapat  tumbuh terbe-
nam di perairan pesisir dan lingkungan laut dangkal dunia pada dasar substrat keras dan halus 
(karang mati, pecahan karang mati, pasir kasar dan halus serta lumpur). Padang lamun mem-
punyai karateristik struktural dan fungsi ekologis sebagai tempat pembenihan dan mencari 
makan berbagai jenis ikan dan biota laut lainnya sehingga dapat menyokong populasi biota di 
suatu ekosistem padang lamun. 
Perairan Indo-Pasifik merupakan tempat pertumbuhan lamun yang paling produktif di 
dunia. Di kawasan ini dapat dijumpai berbagai jenis lamun yang hidup berdampingan dan 
memproduksi nitrogen sebagai salah satu nutrisi penting yang dibutuhkan mahluk hidup un-
tuk menunjang kelanjutan hidupnya. Produksi daun menunjukkan besarnya kebutuhan lamun 
dan rendahnya daya serap daun terhadap nitrogen serta umur daun yang pendek mengidenti-
fikasikan bahwa gugurnya daun menjadi faktor utama penyebab hilangnya nitrogen dari tum-
buhan. Di perairan Indonesia, padang lamun lebih banyak terdapat di sekitar rataan terumbu 
pulau yang jauh dari pantai, yang ditandai dengan rendahnya kadar nitrogen dan tekanan hi-
drodinamik perairan yang tinggi yang berpengaruh pada besaran  hanyutnya gugur serasah 
akibat arus dan ombak yang tinggi. Proses masuknya nitrogen yang diperoleh dari ekosistem 
sekitar padang lamun tidak begitu jelas. Sehingga diduga bahwa padang lamun mempunyai 
kemampuan memenuhi kebutuhan unsur haranya sendiri (self sustaining), dan nitrogen lebih 
banyak didaur ulang dan disirkulasikan kembali secara efisien sebagai upaya untuk memelihara 
produktivitasnya. 
Beberapa jenis fauna laut dapat memakan langsung daun-daun lamun, di samping itu 
adapula jenis biota yang mengumpulkan material lamun; daun-daun lamun tua dan daun 
muda yang terlepas dan terdapat di sekitar padang Diduga, jenis herbivor mengambil/memak-
an material lamun yang paling banyak, sedangkan jenis lain mengumpulkan material lamun di 
dalam liangnya. Sebagian material daun lamun dicerna untuk makanannya, dan sisanya hanya 
ditinggalkan di dalam liang. Dekomposisi kotoran hewan, sampah daun dan material organik 
lainnya oleh jasad renik menjadi jalan utama regenerasi nitrogen. Melalui laju detritus (detrital 
pathway) ini, sumber-sumber terlarut anorganik nitrogen yang dikeluarkan lamun akan men-
jadi bahan persediaan bagi jenis lamun tertentu untuk mengisi kekosongan nitrogen akibat 
gugurnya daun dari tunasnya. 
Perbedaan jenis lamun dapat menentukan besarnya kehilangan nitrogen yang dialami 
daun. Kecepatan makan herbivora dan jumlah daun-daun yang hilang saling memberi pen-
garuh terhadap persaingan dan eksistensi jenis lamun di dalam padang lamun. Informasi di 
atas menghasilkan hipotesa bahwa: keanekaragaman fauna dapat membentuk hubungan pent-
ing siklus nitrogen di dalam ekosistem padang lamun tropis, yang memungkinkan bagi beberapa 
jenis lamun menghasilkan nitrogen dan mendaur ulangnya di dalam padang lamun. Sedangkan 
di luar tegakan lamun untuk mengganti nitrogen yang hilang, didapat dari hasil dekomposisi 
serasah dan daun lamun mati (busuk) yang terbawa arus saat air pasang melalui laju detritus 
(detrital pathway) oleh jasad renik. Pergerakan hidrodinamik perairan yang tinggi merupakan 
ancaman serius bagi ekosistem padang lamun di luar pantai yang diduga dapat mengakibatkan 
terlepasnya daun-daun lamun. Pengaruh yang ditimbulkan dari strategi pertumbuhan untuk 
jenis lamun yang tumbuh bersama-sama dalam satu tempat didiskusikan juga di dalam tésis 
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ini. Selanjutnya, peneliti menyajikan data yang merujuk pada kemampuan fisiologis tumbu-
han lamun, dekomposisi, dan interaksi antara hewan dan tumbuhan dalam padang lamun. 
Penelitian ini difokuskan pada jenis Thalassia hemprichii, Halodule uninervis, dan Cymodocea 
rotundata yang tumbuh bersama-sama dengan kerapatan dan luas tutupan jenis yang berbeda 
di dua padang lamun sekitar pulau Bone Batang (Fig. 1-1), sebuah pulau kecil tak berpenghuni 
yang terletak sekitar 15 km dari pantai di kepulauan Spermonde, Sulawesi Selatan, Indonesia.
Analisis kuantitatif yang terperinci mengenai komposisi jenis lamun, biomas dan 
produksi daun serta karateristiknya diuraikan di Bab 2. Biomas dan produksi daun ditentukan 
oleh kerapatan dan luas tutupan daun (canopy density) oleh tiga jenis lamun yang berbeda ini. 
Semakin tinggi kerapatan tunas lamun maka semakin tinggi pula biomas dan produktivitas 
daunnya dibandingkan dengan kerapatan tunas yang rendah (jarang). Kebutuhan relatip ni-
trogen daun terhadap total nitrogen tertinggi didapat pada Halodule uninervis yaitu sekitar 66 
% sampai 84 % dari total kebutuhan nitrogen, diikuti oleh C. rotundata yang membutuhkan 
74 % sampai 82 % dan terkecil T. Hemprichii  yang membutuhkan 49 % sampai 58 % dari total 
kebutuhan nitrogen. Besarnya nitrogen yang terikat melalui proses resorpsi dari gugur daun 
didapat sebesar 17% sampai 20% dari total keseluruhan nitrogen, sedangkan jumlah nitrogen 
yang hilang karena gugurnya daun muda (premature) adalah sebesar 25% sampai 35% dan gu-
gurnya daun-daun tua diperoleh sebesar 48% sampai 57%. Perolehan pengikatan nitrogen dan 
gugur daun dari ketiga jenis lamun sangat komparabel ditinjau dari tidak ditemuinya pengaruh 
kerapatan tunas lamun. Analisa lebih lanjut menunjukkan bahwa kehilangan nitrogen akibat 
gugurnya daun relatif lebih tinggi pada H. uninervis dan C. rotundata dibandingkan dengan 
T. hemprichii yang kehilangan nitrogennya relatif lebih rendah., hal ini menunjukkan bahwa 
T. hemprichii kurang bergantung akan input nitrogen  dari luar. Total kebutuhan nitrogen un-
tuk menunjang produktivitas lamun adalah sebesar 44g N m-2 th-1 untuk padang lamun yang 
memiliki kerapatan tunas yang rendah, sedangkan untuk kerapatan tunas yang tinggi adalah 
sebesar 27 g N m-2 th-1 dengan menghasilkan produksi daun masing-masing sebesar 54 sam-
pai 71%. Besarnya nitrogen yang hilang akibat gugurnya daun dari total kehilangan nitrogen 
adalah 26 g N m-2 th-1 atau sebesar 58% untuk kerapatan tunas yang tinggi dan 12 g N m-2 th-1 
atau sebesar 45% untuk kerapatan tunas yang rendah. Hasil penelitian ini menunjukkan bah-
wa padang lamun yang memiliki produktivitas serta kerapatan tunas yang tinggi lebih mudah 
untuk melepaskan nitrogen melalui gugurnya daun dibandingkan dengan padang lamun yang 
mempunyai produktivitas dan kerapatan tunas yang rendah.
Padang lamun menyediakan tempat hidup untuk berbagai jenis ikan dan invertebrata. 
Lamun dengan kerapatan tunas yang tinggi meningkatkan keanekaragaman habitat biota, 
yang juga menurunkan resiko pemangsaan dan meningkatkan persediaan makanannya. Pada 
Bab 3 akan diuraikan peranan ikan dan hewan invertebrata dalam padang lamun yang diteliti. 
Biota yang paling melimpah di padang lamun adalah jenis-jenis infauna kecil. Invertebrata 
mempunyai populasi yang tertinggi yaitu 99.5 % dari total populasi biota di padang lamun. 
Kondisi lamun yang menyerupai padang rumput di daratan ini memiliki beberapa fungsi fi-
siologis yang sangat potensial bagi perlindungan invertebrata dan ikan juvenil. Padang lamun 
dengan kerapatan tunas yang lebih tinggi menunjukkan kerapatan jenis biota yang lebih tingi 
dibandingkan dengan padang lamun yang lebih terbuka. Berbagai jenis ikan, bulu babi dan bi-
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valvia (kerangan-kerangan bercangkang ganda) dijumpai lebih banyak hidup di padang lamun 
dengan kerapatan tunas yang tinggi. 
Secara historis diketahui bahwa penyu hijau dan vertebrata besar seperti duyung meru-
pakan pemakan lamun utama di padang lamun. Tetapi jumlahnya telah sangat berkurang kare-
na aktifitas manusia dan kehadiran mereka di lokasi penelitian sudah sangat langka. Pemakan 
lamun utama di padang lamun yang diteliti adalah bulu babi, krutasea berliang dan ikan her-
bivor. Bulu babi (Tripneustes gratilla) sering dijumpai di suatu padang lamun yang ditumbuhi 
oleh jenis lamun T. hemprichii, H. uninervis dan C. rotundata. Hubungan antara bulu babi 
dengan ekosistem padang lamun akan dijelaskan di Bab 4. Bulu babi T. gratilla tidak mem-
pengaruhi kerapatan tunas dan produksi lamun, tetapi berpengaruh terhadap komposisi jenis 
lamun. Biomas T. hemprichii pada substrat pasir meningkat tajam dari 37% menjadi 68% dari 
total biomas sedangkan C. rotundata berkurang yaitu dari 25% menjadi 11%. Perubahan ini 
disebabkan karena bulu babi hanya memakan lamun jenis C. rotundata dan H .uninervis yang 
jumlahnya lebih sedikit dibandingkan jenis T. hemprichii. Aktivitas T. gratilla yang memakan 
daun lamun ternyata dapat meningkatkan kadar nitrogen daun pada H. univervis dan C. rotun-
data akibat gugurnya daun-daun lamun yang sudah tua. Total keseluruhan makan daun lamun 
oleh T. gratilla di padang lamun dengan kerapatan tunas tinggi adalah sebesar 1.55 ± 0.07 g m-2 
dengan total konsumsi daun sebesar 1.28 g DW m-2 d-1. Jumlah ini merupakan sekitar 26% dari 
produksi neto bagian atas lamun, yang menunjukkan bahwa T. gratilla mengkonsumsi jumlah 
yang cukup besar dari produksi daun lamun. 
Jenis krustasea penggali liang sedimen (burrowing crustaceans) memiliki peranan pent-
ing untuk mengumpulkan serasah di padang lamun, seperti halnya jenis biota yang terdapat 
di hutan bakau. Aktivitas Neaxius acanthus dan Alpheus macellarius, sejenis udang penggali 
liang sedimen yang hidup di padang lamun, dijelaskan di Bab 5. Alpheus macellarius meng-
umpulkan daun lamun segar dengan memotong daun-daun muda sebanyak 0.70 g DW liang-1 
d-1. Neaxius acanthus mengumpulkan sebanyak 1.66 g DW liang-1 d-1 yang terdiri dari serasah 
daun mati yang kemudian dihamparkan sekitar liangnya. Dari pengamatan aktivitas kedua je-
nis krustasea ini, memperlihatkan bahwa keduanya bisa mengambil 50 % hasil biomasa daun 
lamun. Potongan-potongan daun mati yang diambil krustasea dari sedimen di sekitar liangnya 
dan potongan-potongan daun segar yang dipetik dari lamun yang masih hidup disimpan di 
bawah substrat dalam ruangan yang berongga. Perbandingan kadar phospat (P) dalam lubang 
N. acanthus dengan air poros dan air permukaan di atas liangnya menunjukkan bahwa bahan 
yang dikumpulkannya menghasilkan unsur hara hasil dekomposisi material lamun yang ban-
yak ditimbun di bagian bawah liangnya. Hasil pengukuran kadar oksigen dalam air sepanjang 
liang dan perairan sekitar menunjukkan kemungkinan terjadinya pertukaran air (siklus air) 
antara liang dan lingkungan sekitarnya. Asumsi ini diperkuat lagi dengan kemampuan udang 
untuk mengganti sendiri air di liangnya. Lewat pengumpulan material daun lamun dan ba-
gian-bagian daun lain yang terbawa oleh arus air yang dimasukkan ke liangnya, nutrisi yang 
hilang dari padang lamun dapat terkumpul kembali sehingga secara keseluruhan dapat mem-
bentuk sistem siklus sumber-sumber nutrisi di perairan padang lamun. 
Biota laut yang terdapat di padang lamun memiliki sumber makanan yang berbeda-beda, 
yang mana lamun sering dianggap sebagai sumber makanan yang tidak penting untuk tingkat 
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trophik yang lebih tinggi. Bab 6 menguraikan penelitian tentang rantai makanan dengan 
menggunakan tehnik karbon  dan nitrogen isotop stabil (δ13C dan δ15N) dengan mengukur 
nilainya dalam produsen primer, materi organik terlarut (POM) dan berbagai jenis fauna. 
Fitoplankton dan POM dalam kolom air yang mempunyai nilai karbon δ13C (berkisar -23.1 
sampai -19.6 ‰) merupakan sumber utama karbon dalam rantai makanan di padang lamun. 
Jenis bivalvia (kerang-kerangan besar) dan beberapa jenis ikan bergantung pada bahan karbon 
ini. Sedangkan epifit dan Sargassum sp.  memiliki nilai  δ13C yang berkisar antara -14.2 sampai 
-11.9 ‰. Bulu babi, gastropoda dan beberapa jenis ikan tertentu adalah jenis hewan laut yang 
paling banyak mengambil bahan ini. Lamun dan POM dalam sedimen adalah kelompok yang 
tidak tergantung pada karbon dalam kolom air yaitu mempunyai nilai karbon δ13C sekitar -
11.5 sampai -5.7 ‰. Perbedaan nilai karbon δ13C dalam lima jenis lamun Enhalus acoroides, 
C. rotundata, Halophila ovalis, H. uninervis dan T. hemprichii juga telah diukur. Halophila 
ovalis dan H. uninervis mempunyai nilai karbon δ13C yang paling negatip. Jenis lamun daun 
terbesar yakni Enhalus acoroides mempunyai nilai karbon δ13C yang paling positip, sedangkan 
T. hemprichii dan C. rotundata berada dalam posisi diantaranya. Hasil penelitian ini menun-
jukkan bahwa jenis lamun daun besar dibandingkan lamun jenis daun kecil kurang dapat me-
manfaatkan karbon selama proses fotosintesis yang disebabkan karena kecilnya perbandingan 
permukaan luas daun dengan beratnya. Sekitar 14 jenis fauna (dari total 55 jenis) mempunyai 
nilai karbon δ13C  yang cukup tinggi jika dibandingkan dengan nilai karbon δ13C dari sumber 
bukan lamun. Ini berarti bahwa biota tersebut secara langsung ataupun tak langsung makanan-
nya tergantung pada lamun. Empat belas jenis fauna  tersebut (sekitar 10% dari total kepadatan 
fauna) lebih dominan mencernakan lamun, secara langsung maupun tak langsung. Jenis-jenis 
ini mulai dari amphipoda sampai ke jenis predator Taeniura lymma (stingray). Penelitian ini 
menunjukkan betapa pentingnya lamun di dalam rantai makanan padang lamun tropis. Di sisi 
lain, lamun tidak begitu penting dalam jaringan makanan di padang-padang lamun ugahari, 
yang bisa dijelaskan melalui kemampuan yang relatip tinggi dari jenis lamun tropis dalam per-
tumbuhannya, dibandingkan dengan jenis lamun perairan ugahari.
Lamun dapat pula mengambil nitrogen anorganik terlarut (DIN) untuk mengisi kembali 
nitrogen yang hilang. Kebanyakan nitrogen terlarut yang terdapat di laut oligotropic berwu-
jud dalam bentuk nitrogen organik tak larut (DON). Pada Bab 7 diuraikan tentang perband-
ingan pengikatan (uptake) urea dan asam amino dengan ammonium (NH4+) dan asam nitrat 
( NO3
-) melalui kinetika pengikatan jenis lamun T. hemprichii, H. uninervis dan C. rotundata 
yang dibandingkan dengan jenis makroalga Sargassum sp. dan Padina sp. Kecepatan pengika-
tan nitrogen subtrat tak larut oleh makroalgae lebih cepat daripada kecepatan pengikatan oleh 
daun lamun untuk semua nitrogen subtrat. Sebaliknya, akar lamun memiliki kapasitas pengi-
katan nitrogen yang cukup tinggi. Daun lamun lebih menyukai urea, NH4
+ dan NO3
- daripada 
asam amino, namun, hal ini tergantung juga dari jenisnya. Akar lamun mengisap asam amino 
yang sama dengan NH4
+ di saat nilai isapan urea dan NO3
- lebih rendah. Di lingkungan yang 
miskin nutrisi, akar mengisap asam amino dan NH4
+ sehingga hara tersebut lebih berguna 
untuk lamun daripada untuk makroalga. Daun-daun lamun lebih menyukai urea, NH4
+ dan 
NO3
- daripada asam amino dan terdapat perbedaan pengikatannya diantara jenis-jenis lamun. 
Akar-akar lamun mengambil asam amino pada kecepatan yang sebanding untuk mengambil 
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NH4
+ , sementara kecepatan pengambilan untuk urea dan NO3
- adalah jauh lebih rendah. Di 
lingkungan yang miskin nutrisi, pengambilan asam amino dan NH4
+ oleh akar dapat mem-
berikan keuntungan untuk lamun sebagai suatu keuntungan dalam persaingan dengan mak-
roalga. Kepentingan DIN dibandingkan dengan urea sebagai sumber nitrogen untuk diambil 
daun dapat seimbang untuk lamun. Perbandingan kecepatan pengambilan NH4
+ dan asam 
amino oleh akar lamun dengan pengumpulan DON dalam sedimen mengindikasikan pen-
gambilan nitrogen organik lebih penting daripada NH4
+. Kemampuan lamun mengisap DON 
juga memudahkan lamun untuk langsung mempergunakan nitrogen organik larut tersebut. 
Dengan kata lain, jalur siklus nitrogen hanyalah jalan pintas karena proses mineralisasi tidak 
ditemukan. Pengikatan DON melengkapi lamun dengan suatu mekanisme yang efisien untuk 
mempertahankan produktivitasnya yang tinggi dalam suatu lingkungan dengan hara anorgan-
ik yang rendah..
Dekomposisi mikroba menjadi jalan utama untuk memperbaharui nitrogen yang di-
peroleh dari serasah daun (leaf litter). Lewat laju detritus (detrital pathway) inilah nitrogen 
dapat dilepaskan sehingga dapat langsung diambil lamun. Bab 8 menjelaskan penelitian peng-
kayaan isotop nitrogen 15N pada helaian daun (δ15N ~500‰) dengan menggunakan kantung 
serasah (litter bag), yang bertujuan untuk mengukur input nitrogen ke kantung serasah yang 
berisi material daun lamun T. hemprichii, H. uninervis, C. rotundata. Selama proses dekom-
posisi dan secara bersamaan berlangsung pengambilan nitrogen yang dihasilkan dari material 
ini oleh komunitas padang lamun sekitarnya. Kecepatan dekomposisi (k) biomas jenis lamun 
tropis ini sangat tinggi, berkisar mulai 0.023 sampai 0.070  d-1. Konsentrasi nitrogen pada se-
rasah daun menurun selama dekomposisi; menunjukkan keluarnya sejumlah nitrogen selama 
proses dekomposisi. Selain keluarnya nitrogen, nilai δ15N juga mengalami penurunan; menun-
jukkan adanya pemakaian nitrogen saat proses kolonisasi mikroba dan fiksasi nitrogen pada 
serasah daun berlangsung. Input nitrogen ini adalah sekitar 25 % dari total persediaan nitro-
gen dalam serasah yang tersedia di padang lamun. Lamun memiliki kemampuan untuk men-
gambil langsung nitrogen yang telah diperbaharui. Kerapatan tunas juga memainkan peranan 
penting dalam menentukan efisiensi pengambilan regenerasi nitrogen dari serasah daun. Un-
tuk padang lamun dengan kerapatan tunas yang tinggi, keluarnya nitrogen bercampur dengan 
hilangnya potongan-potongan daun sangat tinggi, dan pengambilan regenerasi nitrogen lebih 
efisien daripada padang lamun dengan kerapatan tunas yang rendah. Kecepatan dekomposisi 
serasah daun yang tinggi, besarnya input nitrogen luar ke serasah daun dan efisiensi pengikatan 
nitrogen yang dilepaskan serasah daun memberikan dugaan adanya siklus nitrogen dari luar 
tumbuhan dan melalui laju detritus (detrital pathway), yang merupakan hal terpenting untuk 
menahan nitrogen di padang-padang lamun tropis yang miskin nutrisi.
Hasil-hasil penelitian dari bab-bab terdahulu akhirnya digabungkan dan dibahas dalam 
diskusi umum pada Bab 9 sehubungan untuk menjawab hipotesa yang diuraikan dalam Bab 1. 
Dengan merangkaikan hasil-hasil penelitian tesis ini dengan informasi yang tersedia tentang 
karaktersitik padang lamun tropis dihasilkan skema pergerakan nitrogen yang terdapat pada 
area penelitian sebagai suatu contoh dari ekosistem lamun tropis perairan lepas pantai Indo-
Pasifik (Fig. 9-1). Penelitian ini menunjukkan bahwa gugurnya daun dan terlepasnya bagian-
bagian daun menjadi faktor utama penyebab hilangnya nitrogen dari lamun. Sebagian besar 
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material daun lamun dicerna dan diuraikan oleh berbagai jenis fauna, yang diperkirakan sekitar 
75% dari nitrogen yang dihasilkan dimasukkan ke dalam material daun. Kegiatan menimbun 
daun oleh krustasea ke dalam liangnya dan material daun lainnya yang dimakan bulu babi akan 
mengurangi ekspor dan keseimbangan nitrogen di dalam padang lamun. Nitrogen dari lamun 
digunakan oleh fauna laut lainnya untuk menunjang pertumbuhan dan fungsi reproduksin-
ya, namun sebagian besar dilepaskan kembali ke padang lamun. Pengolahan material daun 
oleh fauna dan dekomposisi serasah yang tinggi akan mempercepat regenerasi nitrogen yang 
terkandung di dalam serasah daun. Saat nitrogen dilepaskan, dalam bentuk organik maupun 
anorganik, nitrogen dapat langsung tersedia kembali dan diambil oleh lamun secara efisien 
lewat bagian daun dan akar. Perbedaan dalam dinamika nitrogen yang didukung oleh strategi 
pertumbuhan lamun, biota herbivor, dan pengikatan nitrogen mempengaruhi kebersamaan 
dan persaingan diantara jenis-jenis lamun di padang lamun Indo-Pasifik.. Dalam lingkungan 
padang lamun yang miskin hara, bisa didapatkan perubahan sebaran jenis lamun lain terhadap 
jenis klimaks T. hemprichii; yaitu dengan meningkatnya ketersediaan nitrogen akan menam-
bah kemampuan kolonisasi jenis lamun pionir H. uninervis dan C. rotundata. 
Secara keseluruhan dapat disimpulkan bahwa kegiatan menimbun dan memakan mate-
rial daun lamun yang dilakukan oleh krustasea dan bulu babi di dalam padang lamun dapat 
menghasilkan ketersediaan nitrogen secara berkesinambungan, membentuk jaringan penting 
peredaran nitrogen di dalam padang lamun tropis yang berguna untuk menahan hilangnya 
nitrogen dari material daun,  dapat meningkatkan kecepatan dekomposisi melalui laju detri-
tus dan membantu proses regenerasi nitrogen (DIN dan DON). Yang mana nitrogen dapat 
tersedia untuk langsung diambil oleh akar dan daun lamun sehingga tercipta efisiensi dauru-
lang nitrogen di dalam padang lamun seperti yang disusun untuk hipotesa tesis ini. Mengin-
gat lingkungan padang lamun yang miskin hara dan hilangnya bagian lamun akibat dinamika 
perairannya yang tinggi, kelihatannya siklus nitrogen di luar tumbuhan lamun sesuatu yang 
paradoksal dan menyebabkan kehilangan nitrogen yang tinggi melalui gugur daun dan lep-
asnya bagian tanaman lamun. Bagaimanapun juga, padang lamun tropis menunjukkan adap-
tasi yang sempurna terhadap tekanan kondisi hidrodinamika perairannya yang ditunjukkan 
dengan masa hidup daun yang pendek dan rendahnya daya resorpsi daun. Padang lamun yang 
mengalami kehilangan nitrogen yang tinggi melalui gugur daun (kerapatan tunas yang tinggi) 
menunjukkan kemampuan untuk menganti kehilangan tersebut dengan lebih mendayagunak-
an pengikatan nitrogen yang dihasilkan oleh padang lamun. Interaksi antara lamun, jenis-je-
nis biota dan mikro organisme menghasilkan suatu efisiensi siklus nitrogen di padang lamun. 
Oleh karenanya, padang lamun tropis dapat tumbuh dengan subur dalam lingkungan yang 
terbuka dengan dinamika perairan yang tinggi dan miskin hara dalam perairannya.
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